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ABSTRACT

Fox, Charles Daniel. M.S.Egr. Department of Mechanical and Materials Science
Engineering, Wright State University, 2012. A Basic Understanding of Rapid Mold Surface
Heating via Laser Energy.

As the research and development of surface heating methods have increased in the recent
years, the consensus has been reached amongst the injection molding community that an
elevated mold surface temperature near or greater than the polymer solidification temperature
provides acceptable replication of the desired micro-structured parts.

The laser heating

experimental work and simulation development carried out includes two sample sizes similar
to those used in injection molding. A 100W CO2 laser incident on three samples of different
surface roughnesses has shown to have elevated temperatures via thermal cameral data and
thermocouple measurements. Among five different laser spot sizes varying from 1 mm to 20
mm in diameter, heating rates from 1 second to 5 minutes have shown temperatures rises
from 23⁰C to often over 100⁰C, when measuring 1 mm below the heated surface.

A

particular case with a laser spot size of 3 mm in diameter incident on a 30 mm thick sample
has absorbed 13.2W of laser energy and yielded a surface temperature over 180⁰C through
simulation. A new design has been proposed to allow for a more practical heating method
that is feasible, economical, and deemed the next step in future work for laser heating in the
rapid mold surface heating community.
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I.

INTRODUCTION

1. Background
The rapid mold surface heating and cooling became of great interest after 1990 while the
first thoughts and ideas were generated in the late 1950’s and early 1960’s. The patents by
Bolstad and Thiess in 1961 were the first known work, while Johnson expanded on the ideas
in 1963. The research and development has escalated from this time period to create the field
known as rapid mold surface heating.

The injection molding innovative ideas are

documented daily by laboratories, universities, and collaborations between which have
provided conscientious and diligent efforts to technological advancements in the rapid mold
surface heating community.
Luther L. Bolstad of St. Louis Park, Minnesota patented the first molding apparatus which
included several claims and a well drawn illustration to clearly relay his innovation to others.
Several requirements for the mold design have been discussed including the need for a strong
and rigid mold for the injection process while having a mold surface independent of the mold
(Bolstad). One important thought about in mold heating is taken directly from Bolstad which
states that “the heating arrangements for such a mold become increasingly cumbersome.”
This patent goes on to talk about the auxiliary heating reducing the cycle time while
maintaining a good quality part. It is also claimed that particular locations inside the mold
could be heated differently if such desirable result is needed. This invention provides an in
mold heating source to allow for an elevated surface temperature. Figure 1is the original
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illustration from the patent where the numbers 17 and 18 are the mold bases, 22 is the
semi-conductive film, 23 represents the electrodes, and the conductors, 30 and 32, receive the
applied voltage to result in a heated mold surface (Bolstad). This patent alone shows how
research and development of mold surface heating has been known to improve injection
molding for around 50 years. The ides and thoughts of Bolstad led to advancements in
injection molding that are still used and researched today. The experiments mentioned by
Bolstad include the cavity, shown in figure as 19, will experience a rise in temperature in a
short period of time due to the current flowing through the semi-conductive material. The
surface of the molded parts were shown to have a more desired finish in the experiments
carried out and give insight to carry out additional research on the microstructure orientation
associated with the molded part.

Figure 1: Bolstad’s patented molding apparatus in 1961 (Bolstad)
The initial heating techniques of these experiments have been studied to more
detail since first invented and compared to several other heating methods which are
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discussed in following chapters. The following quote is taken directly from the
patent written by Bolstad in 1959 and published in 1961.
“I claim as my invention:
Plastic molding apparatus including a plurality of cooperating mold
members with means for maintain said mold members at a first predetermined
temperature, said mold members having a plurality of molding surfaces
defining a mold chamber, said molding chamber bring arranged to receive a
molten plastic charge therein at a second predetermined temperature, said
second predetermined temperature being above the flow temperature of said
plastic and higher than said first predetermined temperature, said molding
surfaces being characterized in that a relatively thin semi-conductive film is
arranged adjacent to and in good heat transfer relationship there with, a
relatively thin metallic electrode arranged along substantially the entire
surface of said semi-conductive film, and means for passing an electrical
current through said semi-conductive film thereby temporarily heating said
mold surface above said second predetermined temperature.”
Ludwig E. Thiess from Baltimore, Maryland patented a porous mold with a conducting
liner having a high frequency electromagnetic field inflicted to the material, in turn giving the
liner a higher temperature. The induction heaters generated 5 kW for around 30 seconds to
give a temperature rise from 75⁰F (24⁰C) to 124⁰F (51⁰C) while temperatures over 200⁰F
(93⁰C) were said possible.

Figure 2: Illustration of Thiess patent in 1961 (Thiess)
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The experiments carried out by Thiess prior to 1961 included not only electrical current
through the conductive liner but also integrated energized coils as an alternative heating
technique (Thiess). Figure 2 is an illustration taken directly from the patent that give a more
clear understanding of his innovative inductive heating technique.
The following words are that of Thiess directly from the patent written in 1958 and
published in 1961.
“I claim as my invention:
Mold Apparatus for molding ceramics . . . for heating the surface of the
plastic material adjacent said mold surface . . . and electrical means for
generating heat in said porous metallic material, whereby when the plastic
material in the mold cavity is heated by contact with said porous metallic
material . . .”
These two patents were produced only a few years apart and both deserve credit
for their initial ideas and experiments pertaining to the high temperature mold
surfaces shown to benefit a manufacturing process; being ceramics by Thiess and
plastics by Bolstad. Additional work following Bolstad became more detailed and
led to the endeavors of Johnson’s work, which included the relaxation of the
molecular orientations during injection (Johnson).
2. Motivation
Many innovative ideas mature over a short period of time and often open many new doors
as well as close old ones. New technologies today are commonly subtle deviations of a
current designs or ideas that may have been discovered many years ago. As research and
developmental efforts are carried out for any new idea; universities, companies, and
individuals will often compete for the first to document or patent the new technology. The
field of injection molding has become very competitive due to its vast interest by many
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companies for manufacturing or their products. Collaborative research opportunities exist all
over the world between companies and universities enabling fast, quality research results and
experimental data to be readily available.
Injection molding processes have been well established for many years providing quality,
strong and fast replication of such parts. As other fields have progressed in recent years the
demand for part surface quality has become a necessity. As a large quantity of parts are often
needed, the injection molding community would like to remain on top of mass productions as
they have put many efforts toward development of high quality parts meeting customers’
needs. Current studies in injection molding have shown capabilities of manufacturing parts
that are of great interest to many companies worldwide including Sony, LG, Honda, Toyota,
Panasonic, and Logitech to name a few.
A very important process to produce high quality parts is known as Rapid Heat Cycle
Molding (RHCM) to aid in the fabrication of a part with a desired surface finish. As many
names have evolved from this initial name, the fundamental physics behind the process and
ideas have remained the same. Rapid mold surface heating or RHCM has shown to improve
several aspects and capabilities of injection molding such as, longer flow path, improved
feature replication, surface transcription, reduced molecular orientations, lower residual
stresses, reduce warpage, maintaining desired dimensions, smoother surfaces of composites,
better control of crystallization, reducing the birefringence in optical parts, stronger weld
lines, mold long and thin parts, and more that may not yet be known to the injection molding
community (Yao4). These advantages have been observed not only by experiments, but
optimized and controlled by simulations and numerical solutions.
There have been many methods founded by several, as best described by Yao, which
include conduction heating, convective heating, proximity heating, dielectric heating,
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electrical resistive heating, thermoelectric heating, induction heating, contact heating, and
infrared heating (Yao4). This short list of the known heating methods shows how the rapid
mold surface heating has received a lot of attention in the last two decades and will continue
to be a large research area in the future as stated by many researchers in the field.
The heated mold surface provides a nice surface finish, which is desired in many products
such as the cell phone, television, computer, camera, etc. The biomedical, optical, and
electronic industries are of great interest in the microstructure quality of the parts produced
from heated surface molding. The micro-injection molding community have been vastly
interested in the rapid mold surface heating due to the small mold size and small thermal
mass (Yao4).

The surface quality of injection molded parts relies heavily on the

advancement and capabilities of the variothermal technology in our present day (Bader).
Varying temperature rapidly has shown to attain the interest of many people in the plastic
parts community. Although, temperature is known to be one of the most important injection
molding parameters, it is also considered one of the most difficult to monitor and maintain
(Bendada).
Many experimentalists have studied individual aspects of injection molding with heated
molds and deduced several motivating and promising results while simulations and additional
mathematical efforts have also been well defined. The birefringence level was monitored by
Chen as the temperature of the mold surface was increased until it nearly disappeared at a
temperature above the glass temperature (Chen1). Heating the polymer from the surface to
the core has shown to reduce or eliminate the frozen layer, decreasing viscosity exponentially
with the rise in temperature. This reduction in the frozen layer will increase the effective
flow thickness as gained by Hieber (Hieber). Additional experimental efforts carried out by
Rioux and Chen have shown the crack resistance and tensile strength have significantly
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increased with a heated mold surface (Rioux, Chen2). Kim has researched the weld line
strength for an elevated surface temperature and has observed strengthened material
properties at this critical location (Kim2). Experiments carried out by Kim and Roth resulted
in a reduction in the birefringence of polycarbonates when the mold surface was heated over
120⁰C (Kim4). An experiment by Yao with an elevated surface temperature matching the
injection temperature of 265⁰C resulted in a virtually eliminated birefringence (Yao3). A
mold temperature greater than the solidification temperature of the plastic will not only
eliminate the frozen layer but also allow for the melt to travel along a longer flow length at a
slower injection speed (Yao4). Yao has also provided additional application potential for
heated mold surfaces during the ejection process, allowing a smooth release from the mold.
As the injection molding industry is in need of a technique to volumetrically heat via noncontact methods (Saito), the radiative heating of the mold surface by infrared and laser
radiation has been considered. Current studies of infrared heating of the mold surface have
provided several indications that the simulations and experiments are providing results that
agree (Chang1).

The laser heating method has shown rates as high as 300⁰C/s, while

induction heating has shown rates 60⁰C/s (IKV). Claims of the laser rapidly heating the mold
surface give strong potential to the research and development of such device to heat a mold
surface quickly.

The lasers have an additional advantage over the induction heating

technique because they can be used with non-magnetic mold metals such as copper alloys,
aluminum, brass, and steel (IKV).
The rapid surface heating technology has been studied for over 50 years and today is said
to still remain an immature field, as mentioned by Yao. Additional thoughts include the need
for future research to develop more efficient and new heating methods (Yao4).

The

exploration of the surface heating by laser energy has been deemed necessary by many while
7

others are still in search of a revolutionary heating source and processes associated with to
adopt into daily injection molding practices.
3. Problem Statement
The optimum molding condition by a general consensus of the injection molding
community is to have a mold with a temperature at or above the solidification temperature of
the polymer during injection and to have a cold mold during the cooling stage (Kim1). The
desired temperatures require techniques to rapidly change the temperature of the mold due to
the injection processes being rather short in time. The advantages of a heated mold surface
via infrared and laser energy have been studied, but lack in the quantity and quality of
simulation data and experimental data.
The unfavorable frozen layer can be eliminated if the mold surface can maintain a
temperature above the solidification temperature of the polymer through the injection stage
(Yao4). The mold surface heating via laser energy requires additional experimental data to
agree with simulated thermal responses. A common mold material needs to undergo a set of
experiments measuring the thermal profiles existing on the surface and within the mold
surface. As stated previously, a heated surface is desired through the injection stage which
requires a heated volume of the mold and not just the surface alone.
While studies have used thermal camera techniques, simulation approaches, and proved
that the results are good, the full understanding of the thermal aspects has yet to be provided
in the injection molding community. Lack of knowledge and data about the mold penetration
depth of the heat, natural heat flow phenomenon, temperature distribution throughout, and
methods to measure are needed to optimize the laser mold surface heating method.
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4. Micro Molding Application
A newer injection molding field, termed micro molding, has grown to the interest of many
due to the current technological devices drastically reducing in size and shape. The current
injection molding market has many products that are considered large and very easy to
assemble while a new line of injection molded products is soon to become common in
everyday use. The new miniaturized products will become normal requiring several new
manufacturing technologies to be invented and optimized (Piotter). The injection molding
market has recently expanded to include new enhanced technological devices known as
micro optical products. A variety of applications are said to be known in micro molding
today, while research and development of such will only lead to new opportunities and
innovative ideas to evolve from this research effort (Heckele). The micro molding products
commonly known today include, but are not limited to, CD’s, DVD’s, creditcard holograms,
spectrometers, optical switches, lenses, optical fiber connectors, waveguides, anti-reflective
surfaces, optical gratings, photonic structures, pumps, valves, nebulizers, ink jets, capillary
analysis systems, pressure sensors, and flow sensors as mentioned by Heckele (Heckele).
The injection molding machines used in the 80’s were not sufficient enough to mold micro
parts due to the high clamping forces and small shot sizes needed in the micro molding effort.
The need for such machine drove companies to develop micro molding machines in the 90’s,
while research and development has been conducted ever since with these suitable machines.
Piotter et al. has mentioned that the evacuation and variotherm processes integrated into these
new machines have allowed for microstructure wall thicknesses of 10 µm to be manufactured
with a surface roughness less than 0.05 µm (Piotter). Despa has stated that “the temperature
of the mold is most important in determining the final quality of the molded product.” He
also discusses how the heated mold ensures complete penetration of the polymer independent
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of the process parameter, injection speed (Despa). Experiments and thoughts by Heckele
have provided a micro injection molding process which calls for a variothermal technique
and a temperature of the mold, prior to injection, which is above the glass transition
temperature by some means (Heckele). The micro hot embossing technique also calls for a
heated mold and an evacuated chamber to allow for the product to have desired properties
and dimensions. This approach requires a high mold insert temperature since the heated
mold is what melts the polymer as hot embossing is defined (Heckele). Thermoforming is an
additional micro molding technique that requires an evacuated chamber and a heated mold
tool to form the small parts as well (Heckele).
The temperature of the mold is said to be important due to the premature freezing
disadvantage that can occur and defects such as a short shot or weld lines can become a
problem. The long, narrow channels become problematic when the premature freezing has
developed during the filling stage. While the glass transition temperature of the chosen
material, which is the high density, high flow polyethylene, is 132.5⁰C and has shown to
have the best quality parts at a mold temperature of 140⁰C for all injection speeds tested. The
injection speed has been seen to become independent of the part quality when the mold
temperature is above the glass transition temperature. A raised mold temperature has been
proven to increase overall cycle time while the reported values of cycle time are much higher
than those observed by Despa (Despa). The nano-molding process also calls for dynamic
heating of the mold surface. The high quality production of such small parts has proven to
require an elevated mold temperature and mentions that as the dynamic mold heating
research becomes more known and developed, the nano-molding process will alongside
(Hattori).
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5. Research Objectives
The main objectives in this research effort are provided in the following list:


Experimental laser heating efforts for two sample sizes and a few different
surface roughnesses.



Development of a simulation capable of modeling laser heating which agrees
with the experimental results, including proper boundary conditions.



A comparative study of the experimental and the simulation efforts to give future
predictions a backbone and allow for design measures to be taken.



Most importantly, determine if laser heating is feasible for industry to adopt,
integrate, utilize, and profit from both practically and economically.

6. Overview of Thesis
The thesis has been written such that an understanding is built for the need in a rapid
heating of the molds surface and what benefits exist. The background section will present
several innovative ideas proposed many years ago that have grown into a new research field
with several different methods of achieving the same result; rapidly heating the molds
surface. The experimental section has been divided into two sections: 1) the slow laser
heating of 2D and 3D samples for various parameters, and 2) the fast laser heating of 3D
samples for a larger set of parameters. The work presented includes experimental thermal
camera data and thermocouple data while a simulation has been developed to agree the
natural phenomenon’s of laser heating and allow design work to be carried out for future
laser heating. The injection molding community will be able to navigate the thesis while
taking away information which can become useful for the future laser heating utilization in
the injection molding applications.
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II.

BACKGROUND

1. Rapid Mold Surface Heating
Rapid mold surface heating has adopted many additional terminologies over its years of
research such as low thermal inertia molding, variotherm injection molding, momentary mold
surface heating process, rapid thermal response molding, rapid thermal processing, and
dynamic mold surface temperature control (Yao4). Many researchers have developed their
own name for their specific type of rapid mold heating as there are several used today. The
heating method is important; however the mold design must be suitable for the rapid heating
and cooling as well as capable of adapting to the heating and cooling methods. Yao has
provided a few constituent elements for the rapid heating and cooling of a mold. The
proposed mold should have: First, strong physic capable enough to with stand the clamping
force and injection pressure with a low thermal mass; second, allow for heat generation of the
mold surface; and third, include a way for heat to rapidly be withdrawn from the mold
(Yao4). These will serve as a starting point for molding design when interested in rapidly
changing the temperature of the mold.

As the three important guidelines have been

presented, there also exist three defined layers of a mold as described by Yao. The three
layers defined and used by many researchers today are best understood by Figure 3, which
are the mold surface layer or heating layer, the insulation layer, and the mold base (Yao4).
There have been many relations developed to relate the transfer of the energy through the
mold. In the end all of the equations started with one fundamental equation known as the
energy equation. This equation serves as a general guideline for how each method of
transferring energy from some source to the mold surface can be beneficial (Yao4).
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Figure 3: Three defined layers of the mold (Yao4)
For further interpretation of how each heating method is related to this equation the article
written by Yao should be consulted. Equation 1 can be used with its boundary conditions to
understand the way to optimally transfer the heat from one source to a sink being the chosen
method as the source and the sink as the mold surface.
Equation 1: Energy equation for thermal applications (Yao4)

Manipulation of this equation to fit ones heating method can become quite complex and
can often lack required boundary conditions. For many heat transfer methods that are
common and seem intuitive, the more complex heating methods require careful formulation
of the energy equation. Many experimentalists will not consider the mathematics behind the
physical phenomenon and just develop several tests until success is awarded.
Several methods have been proposed over the last 20 years while today Yao says the most
used mechanism to heat a mold surface is termed electrical resistive heating (Yao4). The
rapid mold surface heating methods mentioned previously are briefly introduced while a few
have simulation and experimental ideas that can be gained to begin the building of the laser
heating method.
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1.1.

Conduction Heating

The conduction heating method uses pure conduction via another material to heat the
surface. An experiment having a 20µm conducting layer, 0.1mm polyimide layer and a thin
protective layer sandwiched a heater and was glued directly inside the mold to allow for close
contact to the melt. A heating pulse of 20 W/cm2 was used for duration of 4 seconds
(Jansen1).

The experiment resulted in a temperature rise of about 70⁰C almost

instantaneously while the next 30⁰C took about 2 seconds. The experiments do not give an
indication that an increase in cooling time is needed because of the additional process. The
heaters are also known to decrease the difference in the orientation from the injection
location to the end of the flow length (Jansen1). The heating times of 0.5 seconds and 2
seconds had no significant difference while the cycle time was increased about 2 seconds by
the addition of the heaters. The heat pulses were long and dense enough to increase the
temperature over 140⁰C for duration of 1 second and measurements of the temperatures 0.2
mm under the surface are calculated by a set of equations given by the article Jansen-1994
(Jansen1).
The experiments tend to have non-uniform heating due to a replicable color pattern
viewed in the molded parts and the heating time in the simulation is predicted to be much
lower that what was observed experimentally. This is thought to be due to the modeling of
the heater as a single uniformly distributed power density layer leading to a systematic error
(Jansen1).

10% variations in the power density have given results with a significant

difference in the orientation relaxation (Jansen1). This technique has not been adopted by the
injection molding field due to its slow time response, as Saito has stated. Heating Elements
produced a temperature rise of 100⁰C in 2 seconds used by Jansen et al (Jansen2).
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1.2.

Convective Heating

Convection has been a well known field for many years and has been used in the injection
molding industry to heat the mold surface. A gas or fluid can be used in the mold to impose
a heat flux on the mold surface (Yao4). The fluid-solid interface has seen temperature rises
of 100⁰C over several minutes which would greatly increase the cycle time of the injection
process and is considered undesired. A condensed steam method has been introduced by
Hendry but lacks design capability and experimental data (Hendry).
1.3.

Proximity Heating

A method that has shown to be useful when molding simple flat parts is proximity heating
by which a high frequency electrical circuit is formed. The mold will have one half with
current in one direction and the other mold half has the current in the opposing direction.
The advantage of this method in comparison with induction heating is that the coil is
eliminated; however this method limits the part design to non-complex geometries (Yao3).
1.4.

Dielectric Heating

The dielectric heating method uses electromagnetic radiation which involves the dipole
rotation. This will require that a dielectric material is used in conjunction with an electric
insulator to heat the mold surface. However, a high power source is required because of the
lack of absorption of the electromagnetic field by the polymers (Akopyan).
1.5.

Electrical Resistive Heating

A heating method known as electrical resistive heating utilizes the resistive quality of a
material. The material will generally have a high current and low voltage across it causing
the material to have an elevated temperature over time. This method of heating has shown to
have minimal dependence on the heating layer thickness. As Yao states, this heating method
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can fail if the material has any physical damage leading to any short circuit in the electrical
design (Yao1). As molds are known to have wear and tear over time this heating technique
could lead to a shorter mold lifetime and a potential catastrophe during use if damaged.
1.6.

Thermoelectric Heating

This method considers two different materials with a current attached to them at two
separate junctions in a circuit. The energy will naturally transfer from one material to the
other at the mold surface which has been shown to increase the mold temperature 80⁰C in 20
seconds (Kim3). The natural phenomenon is termed the Peltier effect as it is known today
(Thomson). The disadvantage is that the transfer of the energy from one junction to the other
is a fast process requiring additional research to design electrically conduction but thermally
insulated junctions, as stated by Yao (Yao4).
1.7.

Induction Heating

The use of a high-frequency electromagnetic field has been researched and developed in
the injection molding community. This method has been coined by Wada et al. and has
provided useful applications to the microinjection molding business (Wada). This technique
utilizes a high frequency current generated by an electric coil to heat the mold surface. The
disadvantage of this heating method is that the fabrication of a mold with a built-in coil
requires careful design not only of the mold but also that of the coil. Current research is
being carried out to provide additional data for this method as external coils have been
introduced (Yao4).
1.8.

Contact Heating

The contact heating method involves two bodies with a temperature difference causing a
flow of heat from the hotter one to the cooler one. This method is said to be cost effective
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and to conserve energy; however has little data provided for the rapid heating of molds.
Experiments have shown to rapidly heat an aluminum shell with wall thickness of 1.4 mm to
200⁰C in 3 seconds while the hot body was 250⁰C (Yao2).
1.9.

Infrared Heating

A recently new method used to heat the mold surface is termed infrared heating which is a
non-contact technique.

Useful infrared wavelengths are from 800-3000nm while

experiments have used 1000nm halogen lamps to produce temperature rises of 1000⁰C in
only a few seconds of a silicon substrate. An external heating source is inserted between the
mold halves before injection to provide this high mold surface temperature. The high surface
temperature will actively heat the mold during injection which in turn will reduce the cooling
stage of the injection cycle as mentioned by Yao (Yao4). The main disadvantage to this
heating method is the non-uniformity of the heating due to the design of the heating source.
Focusing the energy to the gate, runner, sprue, and complex areas has been considered by
Chang (Chang2). Figure 4 illustrates the design for a simple infrared heating method (Yao4).

Figure 4: Basic design for infrared heating (Chang1)
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Simulations and experiments have been carried out providing similar results in infrared
heating of the mold surface. The comparison of the predicted results and actual results are
similar and vary slightly as shown in Figure 5 provided by Chang (Chang1). The results
shown are described in mush more detail later, however shown for observation of how
experimental and simulation efforts do exist for infrared heating and appear to be rather
accurate. The study shown has an x-axis with three different reflector configurations for the
heating source while temperature is given on the y-axis.

Figure 5: Infrared heating simulation compared to experiment (Chang1)
In addition to the work of Chang, another infrared approach, by Saito, has been shown to
heat the polymer directly by the radiation energy while maintaining control of the
temperature due to its direct relation to the radiation intensity (Saito). The work utilizes a
CO2 laser as the heating source, providing numerical solutions and basic testing experiments
discussed later. In the work of Sato, the birefringence was seen to decrease while increasing
radiation intensity in an infrared heating study (Sato).
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2. Simulation Efforts
Typical research and development today begin with simple simulations and will add
complexity to minimize experimental cost and allow for basic predictions to be supported.
Many simulations have been developed over the past years to best mimic the experimental
results and then are modified or corrected to best fit these observed natural phenomenon
associated with the heating methods. A simulation can become very powerful when utilized
properly with a well rounded understanding of how each parameter and technique works to
predict or match the experiment. Simulation efforts have shown to be very useful in the
injection molding community as the following studies present.
The simulation work presented by Chang and Hwang include simulation studies of
infrared heating of the mold surface (Chang1). The research carried out includes simulation
of the infrared heating incident on the mold surface and is compared to thermal distribution
results from simple heating experiments. The approach of Chang et al. can best be described
by the flow chart shown in Figure 6.
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Figure 6: Chang’s flowchart of infrared heating analysis (Chang1)
As observed, the work begins with initial conditions, boundary conditions, and several
constants. The constants are the heat capacity, heat conductivity, ambient temperature,
cooling temperature of mold oil, and the coefficient of convection (Chang1). These serve as
the inputs for the simulation of the infrared heating of the mold surface. Chang et al. uses a
two stage process to simulate which includes: First, the infrared absorption of the mold
surface is simulated in the software known as TracePro; second, a thermal analysis is carried
out using software known as ANSYS.
The results of the infrared absorption simulation are the heat flux which can be loaded as
the input of the thermal simulation of the transient response of the mold. The results of the
simulation are then compared to the temperature measurements taken by the thermal camera
mentioned in more detail in the next section. The simulation initial conditions and boundary
conditions are then modified, until the results of the simulation are satisfying and comparable
to the experimental results (Chang1).
The software used in the simulations by Chang et al. is considered the backbone of the
research presented. TracePro, an optical analysis program, can conduct stray light analysis,

Figure 7: TracePro infrared heating source designs (Chang1)
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illumination analysis, and optical systems analysis while the results can be presented in many
different ways. The heating elements, tungsten/ halogen lamps, were the initial heat source
of 4 kW and modeled with a two back reflectors; one reflector is rectangular and the other is
spherical as shown in Figure 7. Four lamps were used in different configurations to serve as
the source in TracePro, while the tracing simulation is modeled with 20,000 rays for each of
the tungsten/ halogen lamps, provided by Chang et al. (Chang1).
Additional inputs to TracePro are the glass transitivity, reflector material, mold material,
reflector reflectivity, mold reflectivity, and the mold plate size, which are 0.93, 0.07, polished
aluminum alloy, pre-hardened steel (AISI P20), 0.85, 0.75, 180mm by 180mm respectively.
The TracePro simulation for the irradiance of the mold surface for the rectangular reflector is
shown in Figure 8. The figure allows for understanding of how the distribution is comprised
and for the interpretation of the heat flux that is inputted to ANSYS. The output of the
TracePro simulation is the irradiance matrix data, which is defined as the heat flux of
absorbed energy of the mold plate (Chang1).

Figure 8: TracePro contour plot of the irradiance distribution (Chang1)
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The ANSYS software can provide a thermal analysis in 2D and in 3D to simulate the
transient mold temperature distribution. Figure 9 and Figure 10 are the provided simulations
setups Chang has provided for the 2D and 3D cases. The inputs of the ANSYS software
given by Chang et al. are the mold thermal conductivity, mold heat capacity, mold density,
irradiance matrix data input size, initial mold temperature, air free convection coefficient, oil
free convection coefficient of cooling channel, number of elements in the 2D mesh, number
in 3D mesh, which are given as 40 W/m-K, 132 J/kg-K, 7850 kg/m3, 128 by 128 (each
element is 1.41mm), 83⁰C, 10 W/m2-K, 50 W/m2-K, 6,000 elements, 111,000 elements
respectively (Chang1).

Figure 9: Chang’s 2D AYSYS simulation boundary conditions (Chang1)

Figure 10: Chang’s 3D AYSYS simulation boundary conditions (Chang1)
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The 2D and 3D mesh sizes used in ANSYS were chosen after a convergence study was
conducted and the heat flux in the 2D simulation was an average heat flux of the symmetric
center. It should also be mentioned that two heating times were used for the simulation, 14
seconds and 19 seconds, which are a heating time of 15 and 20 seconds with a 1 second lamp
stability time inputted to minimize inaccuracies. The 3D result for the rectangular reflector
and the inputs above for the irradiance result in the thermal distribution provided by Chang in
Figure 11.

Figure 11: Chang’s 3D AYSYS simulation result (Chang1)
The boundary conditions, directionality of the simulation, and the position of the cooling
channels are better gained by observation of Figure 9 and Figure 10 (Chang1). This work has
successfully modeled the infrared heating of the mold surface in a clear and well defined
manner, providing a potential simulation background for the laser heating method.
3. Experimental Designs and Studies
Experiments often serve to facilitate the ideas or simulations to prove that a functional and
are a practical design is obtainable. Injection molding research today has taken a new path in
comparison with other processes in the world today. The experiments have become a way to
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prove a technology is feasible prior to any theory or simulation to predetermine the results of
the experiment. The successfulness of this technique has altered the manner in which a
research process used to be conducted.

The injection molding mold surface heating

experiments are often carried out when the equipment is readily available and works in
parallel or prior to simulation efforts. The following rapid heating experiments give a
general picture for how to go about initial testing of an idea lacking experimental and
simulation data.
An infrared heating experiment, Figure 12, in 2006 has been conducted by Chang and
Hwang alongside the simulation discussed previously. The experimental work provided
served as a verification method for the simulations given while giving potential to the
infrared heating and rapid mold surface heating communities.

The experimental setup

includes movable heating fixtures via pneumatics and a cooling plate used to protect the
sensors and rubber piston of the air cylinder (Chang1).

Figure 12: Chang’s Experimental Apparatus for infrared heating (Chang1)
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The temperature measurements are aided by a AVIO TVS-600 thermal video system with
a thermal resolution of 0.15⁰C and an image resolution of 320 x 240. The specular properties
of the mold surface make the measurement of temperature from the surface inaccurate and
lead to the addition of a heat resistant tape on the mold surface in two locations. The mold
surface is initially maintained at a temperature of 83 ± 1⁰C and then heated for 15 seconds
and 20 seconds in separate experiments with the different configurations and reflector types
indicted previously. An image of the thermal video camera of the mold plate is shown in
Figure 13, allowing for observation of the two locations of the tape while, Figure 14 is a
temperature profile of the rectangular reflector configuration measured by the thermal camera
(Chang1).

Figure 13: Chang’s thermal camera setup (Chang1)
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Figure 14: Chang’s thermal camera actively measuring temperature (Chang1)
The result is verified with the simulation at the two locations chosen for the tape which are
near the center of the mold surface. The experiment was said to have a 4-5 second time
period for the heating source to be removed allowing for the mold to cool before injection
could take place. The rate at which the mold decays is material dependant and should be
optimized prior to experimental work is carried out via simulation efforts. The experimental
results of this study are the temperature measurement of two locations on the mold surface
which allow for comparison to the 2D and 3D simulations that have also been presented by
Chang (Chang1).
4. Numerical Solution Developmental Efforts
Numerical development of mold surface heating has become rather complex and require
timely efforts to accurately understand all aspects and model the transient responses. The
mold surface temperature, Ts, can be approximated by Equation 2 where k is the thermal
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conductivity, Cp is the specific heat, ρ is the density, and the subscripts m and p are the
temperature of the mold and polymer respectively (Arpaci).
Equation 2: Surface Temperature (Arpaci)

The work of Jansen provides a complex numerical solution to model the heat transfer
associated with injection molding. Equation 3 is derived by Jansen while this serves as the
temperature due to the passive layer calculation. Consultation of Jansen’s work will lead to a
complete understanding of his methods to obtain the heat transfer numerical solutions
(Jansen3).
Equation 3: Temperature equation due to passive layer (Jansen3)

A numerical simulation has shown that for an amorphous polymer, the temperature above
the glass temperature is necessary to obtain minimal residual and thermal stresses. The
solution required that the temperature be held for several seconds after filling to obtain
desired results (Kang).

A common result in many experiments has been that the

birefringence level is reduced with an increase in mold surface temperature while numerical
efforts have been provided verifying said results (Park1, Park2).
Further numerical techniques to model the mold surface heating have been provided by
Saito. The numerical setup can best be described by Figure 15, where several equations of
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motion are used to model the thermal response of the mold and polymer. The solutions
developed include the brass mold wall and the transparent ZnSE mold wall, which serves as
the entry path of the radiation energy. The CO2 laser energy source provided infrared
radiation to heat one side of the mold prior to injection and the opposing side during injection
(Saito).

Figure 15: Saito’s illustration of the heating method (Saito)
The well known Lambert-Beer’s Law, Equation 4, can be used to calculate the absorbed
and attenuated radiation energy during propagation (Saito).

This relation includes the

intensity I, reference intensity Io, radiation absorption coefficient β, and the coordinate
direction x.
Equation 4: Lambert-Beer’s Law (Saito)
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Several numerical results are provided by Saito while an example of his work is shown in
Figure 16 and Figure 17. Figure 16 is the time dependant temperature distribution in the
cavity gap direction without radiation, and Figure 17 is with the radiation (Saito).
Observations can deduce the symmetric temperature distribution in the numerical solution
with no radiation heating. The numerical solution for the added radiation heating provides
potential that this method will heat the polymer surface to a high degree and allow for the
frozen layer to potentially be eliminated at position x= -1.5mm.

Figure 16: Time dependant temperature distribution with no radiation heating (Saito)
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Figure 17: Time dependant temperature distribution with radiation heating (Saito)
Saito’s work gives motivation for the infrared and laser research due to the short heating
time as shown in his numerical solutions and his experimental results to supplement the
numeric’s discussed.

The numerical solutions can be helpful in many ways when the

simulation and experimental results agree with them while a full understanding is timely and
costly when researching a newer topic.
5. Thermal Mass Considerations
The thermal mass is a common parameter in injection molding due to the temperature
fluctuations associated with the mold, as it is defined. The mold itself is considered to have a
large thermal mass because of the heating and cooling having a long cycle time in
comparison with the injection cycle time (Yao4). Many research efforts will simply consider
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reducing the volume as reducing the thermal mass due to the relations between. The thermal
mass can be calculated by Equation 5 provided by Yao which includes the thermal mass M,
the mass of the mold m, the specific heat C p, the volume V, and the density ρ. The equation
allows for the basic understanding that a low density, low specific heat, and a small volume
are optimal. However, the intrinsic material properties are fixed while only the size can be
modified (Yao4).
Equation 5: Thermal mass equation by Yao (Yao4)

The thermal inertia of a mold can be reduced with the thermal mass allowing for a rapid
increase or decrease of the mold temperature. In past experiments, rapid temperature rises of
100⁰C/s have been achieved with a heating power near to 100 W/cm 2 (Yao4). Additional
advantages of a low thermal mass are; the energy consumption is much less due to the direct
reduction in heated volume, material cost savings of the mold insert, and new design
considerations (Yao4).
A design that has previously been proposed by Yao incorporates air pockets or space just
behind the mold surface to allow for a low thermal mass of the surface mold piece and rapid
cooling of the mold surface after injection. The mold surface is supported by an intricate
structural design as shown in Figure 18 (Yao4).

The mold surface mass is reduced

significantly in this design while further engineering is needed in the structural design behind
the mold surface to maintain a flat mold surface during injection.
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Figure 18: Proposed intricate mold design for low thermal mass (Yao4)
This is one of many proposed designs that have supporting ideas to back up such
structures behind the mold surface. This space can have hot fluid or coolant routed though to
rapidly change a molds surface while experimental data is not currently available for such
mold designs.
6. Laser Use and Design Details in Injection Molding
As an elevated mold temperature has been motivated and discussed in detail, while the
considerations of heating the mold via laser energy has been mentioned by some but still
lacks popularity due to the unavailability of experimental data and optimal conditions. The
laser has been proven to be a good source of energy due to the high power density, good
controllability, and focusing ability that are offered for short heating times (Michaeli).
Several laser or radiative energy sources can be used to generate the required radiation such
as flash lamps, YAG lasers, and CO2 lasers. A simulation carried out by Saito utilizes a 2-D
model for the polymer and thermal distribution (Saito). The studies use the ZnSe transparent
material and a CO2 laser with a wavelength of 10.6 um to aid in molding of polystyrene
(Saito).
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Another experiment uses a laser provided by Laserline, LDF 1500-2700 (IKV) and
indicates that the temperature field has a good concentric homogeneity ranging from 80⁰C to
275⁰C.

Figure 19 provided is the experimental results, with the injection location as

specified from the left. A significant reduction in the frozen layer is observed when the
radiation is present during the filling stage.

(a)

(b)
Figure 19: Heating experiment with (a) no radiation and (b) with radiation (Saito)
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The results presented in Figure 19 give strong evidence that radiative techniques do indeed
work efficiently in desired manors. The downstream locations of the heated region also have
a reduced or eliminated frozen layer not only providing optimal surface quality but increasing
the flow thickness. The laser use and injection process has been fully automated and the
cycle time is said to be only slightly increased by the addition of the laser (Michaeli). An
undesired effect exists which is a measureable temperature difference between the two mold
halves that develops over many cycles. The fluctuation has been monitored and maintained
so that the difference is below 10⁰C, while a difference too high will produce a warped part
(Michaeli). These experiments have given initial laser heating ideas the capability of being
developed and a database to become more readily available in the future, while the details
pertaining to are mentioned.
The laser heating technique has many systems of its own to allow for an efficient, optimal
energy source for the rapid mold surface heating community. The laser and optics require
their own cooling system to maintain a low temperature for optimal operation. The mold
insert is quartz glass provided by Aachener Quarzglas and can withstand a pressure of 1000
bars (IKV). Considerations on the mounting of the optical lenses and the laser have led to a
laser being installed on the opposite side of the sprue. This allows for the sprue length to
remain unchanged and a current machine may have opportunity for laser heating to be
integrated. The mounting plates and clamping force needed have required the optical fiber to
be installed transversely to the machine (Michaeli).
The radiative energy behaves differently than most which requires additional care and
consideration when designing the mold apparatus and components associated with the mold.
The glass will absorb some of the radiation, leading to the need for thermal control to ensure
an allowable temperature range in maintained. In the mentioned experiments, the glass lens
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is said to absorb about 1% of the optical radiation requiring an entirely thermally isolated
system, via insulation sheets, and need to be controlled to 80⁰C. The glass is also part of the
cavity and may receive additional heat via the melt if the temperature of the glass is below
the melt temperature upon injection (Michaeli). Zinc-selenide (ZnSe) and Zinc-sulfide (ZnS)
are great transparent materials to use for the in mold optics with low absorption coefficients.
With low absorption coefficients, when the laser ceased, the transparent material will not
continue to heat the melt and will begin to cool the polymer (Saito).
An important parameter that needs to be monitored and optimized, prior to injection with
mold surface heating via laser energy, is the power density. Experiments have used power
densities of 10 W/cm2 and 20 W/cm2 which have been determined by conduction heating
methods previously. The 10 W/ cm2 has not shown a great impact to the surface quality
while the 20 W/cm2 has shown a significant change in the orientation relaxation or the
polymer surface (Jansen1). While power density is a function of the area the energy is
concentrated to, the beam size of the laser must be considered and optimized. Experiments
have used beams sizes initially at 1.5 mm but expanded to about 23.5 mm via a Collimator
(Michaeli).
As these recent experiments have shown to give potential to the laser heating method, the
parameters associated with are also important. The laser must be designed unique to the
molded part to ensure optimal results and energy usage is gained. The mold itself lacks
thermal distribution data and the physical phenomenon need to become known to optimize
the heating process.
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III. EXPERIMENTAL SETUP AND SIMULATION DETAILS FOR LASER HEATING
1. Experimental Setup
The experimental setup will be presented in this section with three sub-sections following
providing additional, important information about each piece mentioned. The experimental
work has been divided into two geometrical categories, being a 2D and 3D sample. Each
sample is heated via laser energy, while thermocouple and thermal camera data is recorded
actively. The various materials, temperatures, and temporal aspects of injection molding
have provided a clear set of experimental design guidelines.
The motivation for this work has led to a set of several details that are necessary to
mention about how this experimental work will provide data currently missing from the
injection molding community. The materials used in injection molding have become a wide
range of steel and aluminum. The temperatures desired in rapid mold heating and injection
molding is commonly over 200⁰C while elevated temperatures are known to have significant,
desired results as thoroughly discussed in chapters 1 and 2. The injection molding cycle
times are on the order of 10 seconds for many parts while large parts require longer cooling
and can have cycle times over 30 seconds. The heating times of the laser energy must not
increase the cycle time significantly to become a commonly used heating method in industry
today.
Two materials commonly used in injection molding have been selected to use for the 2D
and 3D samples. Temperature targets have been set to allow for estimation of the required
laser energy needed to heat to temperatures of over 200⁰C. Various heating times have been
selected to cover the entire range of times allowable for this method to become useful for the
rapid mold surface heating injection molding community.
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The 2D experimental setup is best understood by the schematic provided in Figure 20,
while each component is later discussed in great detail. This setup includes a laser source
which is to be incident on the 2D sample while thermal data is recorded via a thermal camera
and then recorded on the computer. This setup is rather simple and reduces the errors
possible when complexities are added.

Figure 20: 2D experimental setup and design
The 3D experimental setup is also represented via a schematic as shown in Figure 21
which contains a few differences than that of the 2D experimental setup. The thermal camera
is present similar to the 2D, however 3 thermocouples are inserted to the center of the 3D
sample to allow for temperature measurement just below the heated surface for various
distances below the surface. The thermocouple data is monitored and recorded via DAQ card
with details and setup provided in later sections.
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Figure 21: 3D experimental setup and design
These two schematics serve as the explanation of the wiring and path of the data and laser
energy. The setup is similar to these schematics for all experiments while some have the
samples at various distances from the laser to give different sizes of the beam/heated area.
The data obtained is spelled out best by dividing into three categories which are the 2D
slow heating experiments, 3D slow heating experiments, and the 3D fast heating
experiments. The 2D slow heating experiments have been shown on 5 thermal camera
temporal plots for a 5 minute laser heating time and a 5 minute monitoring of the post heating
thermal decay phenomenon which are located in Chapter 4 and Appendix B. These 5 differ
in that they are for 5 different laser beam sizes as provided in Chapter 3.3. The second set is
the 3D slow heating experiments which include 31 plots total, which is comprised of 11
thermal camera temporal plots and 20 thermocouple data plots as provided in Chapter 4 and
Appendix B. This set includes the slow heating time of 5 minutes with 5 minutes monitoring
of the temperatures following the heating for three different 3D samples of surface
roughness/reflectivity and for up to 5 different beam sizes. The third set of data is the 3D fast
heating experiments which include 122 thermocouple data plots for 5 different fast heating
times, 3 different surface roughnesses/reflectivities, and up to 5 different beam sizes/heating
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areas as presented in Chapter 4 and Appendix B. This data breakdown of 158 plots in total
can be easily understood by the schematic in Figure 22.

Figure 22: Data breakdown to smaller categories for clarity
The data is presented and discussed thoroughly in Chapter 4 while further explanation of
the experimental work and simulation details is presented in the remainder of Chapter 3. The
numbers in parenthesis indicate how many plots have been generated from the respective
experimental data.
1.1.

Equipment and Software

The experimental work carried out has been possible through the equipment and software
discussed in this section. The accuracy, reliability, and feasibility of the data have only been
possible with the correct setup and preliminary testing mentioned. Many pieces of equipment
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have been used while some are detrimental to the results. All details and specifications are in
this section while the data error limiting factors are also discussed.
Two kinds of lasers are commonly used in present day research being the pulsed and
continuous wave (CW) laser systems. After preliminary testing, a CW laser has been deemed
necessary due to the high peak powers reached in pulsed systems. These high powers
resulted in burn marks present on the samples surface, leading to the search for a CW system
capable of producing powers over 50W.
The laser used for the experimental work was provided by The Mound Laser and
Photonics Center located in Miamisburg, Ohio in the United States. The laser is a product of
SYNRAD, the world’s leading manufacturer of industrial CO 2 lasers. This CW laser has a
maximum power of 100 W and a wavelength of 10.6 microns.

Laser Head
Laser Body
Exit Point
Figure 23: SYNRAD Firestar 100 W CO2 laser
Figure 23 shows the laser head which generates a 2.2 mm beam at the exit point and a focal
point about 25 cm downstream of the laser head. The laser specifications can be found
directly from the SYNRAD website or in Table 1 provided.
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Table 1: SYNRAD CO2 laser specification sheet

Figure 24: SYNRAD Firestar t100 series 100 W CO2 laser
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The laser power can be measured with an appropriate power meter, while a water cooling
system is necessary for the high powers of this laser. Figure 25 includes the power meter
with a 5 cm maximum beam capability to be measure for powers up to 100 W. This is water
cooled through the two blue tubes shown which lead to a multi-fin tower to cool the water.
The powers are read from the monitor shown on the left of Figure 25 which is dialed into the
laser power and wavelengths.

Figure 25: Power meter and monitor with water cooling system
The power meter has been used to not only record the incident laser power to the sample
but also the reflected power actively while carrying out the experiment. This active reflected
power measurement has been shown to be inaccurate due to the scatter reflections off the
samples that are not high polished. This leads to the power absorbed to be determined with
some error for the low reflective samples.
The monitoring, analysis, and plotting of the thermocouple data and thermal camera data
is carried out with the use of a computer containing proper software and ram. An Apple
Macbook Pro with 8 GB of ram has been utilized containing LabVIEW, MATLAB, and
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Thermo Shot software’s as pictorially represented in Figure 26. The software needs and uses
are clearly spelled out later in this section.

Figure 26: Computer with appropriate software for experimental studies
The LabVIEW software is one which can read in thermocouple data and plot actively for
real time understanding of experimental happenings. The LabVIEW software works parallel
to the 6008 NI-DAQmx produced by National Instruments. This DAQ card allows for
thermocouples to be connected directly in differential mode for accurate temperature
measurement. The 6008 NI-DAQmx connects to the computer via USB and is shown in
Figure 27 while the thermocouples are shown in Figure 28. The k-type thermocouples
labeled 1, 2, and 3 have been used for the data taken inside the 3D samples for 1 mm, 3mm,
and 5 mm respectively. The ambient air temperature is obtained prior to all experiments via
an average of the three with no laser heating.
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Figure 27: National Instruments 6008 NI-DAQmx

Figure 28: Thermocouples used for measurement in 3D experiments

44

The LabVIEW interface created allows for the three thermocouples to be viewed in real
time. The interface includes a start and finish button, digital thermocouple values, plotting of
thermocouple values, and the saving of the data to a txt document when prompted to do so.
The user interface is shown in Figure 29, while the block diagram or visual code is provided
in Figure 30 and is available more clearly in Appendix A. This code is considered rather
simple and includes nothing unnecessary for quick and easy use.

Figure 29: LabVIEW user interface for thermocouple measurements

Figure 30: LabVIEW block diagram or code behind the interface
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The last piece of key equipment is the ThermoShot thermal camera utilized in this
experimental work to provide another way to measure temperature and view thermal
distributions in time and space. Figure 31 shows the computer generated image from the
front of the operation manual which can be found on the website as the details and
information are of many.

Figure 31: Thermo Shot thermal camera used
The thermal camera is connected to the computer via USB for active image and video
recording capabilities. The main viewing window of the thermal camera is provided in
Figure 32, and includes the thermal measurement of the background from one experiment
with no heating present.

The ThermoShot utilized is the F-30 model which is small,

compact, and useful for traveling experimental work. The thermal images presented in this
work do not have any correction for the viewing angle while a stray beam is known to be
present in some images. The misleading stray beam is heating a piece of reflective metal in
the background and is sometimes captured by the thermal camera. As most thermal images
have a correction factor, due to the screen capture video generation of these images, no
correction factor has been implemented and the raw data is presented.
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Figure 32: Thermal camera main viewing window
The experimental equipment has been clearly spelled out through details, images, and
additional figures located in the appendix. This set of information allows for the
experimental work to be replicated with ease while the following sections discuss the
remaining necessary details related to the experimental work.
1.2.

Samples, Material Properties, and Surface Roughness Selections

This section will discuss the sample size selections, sample material selections, and the
properties associated with each. The desired materials used are those similar or identical to
those used in injection molding industry and research today. The size will be scaled to one
much smaller than an actual mold to allow for experimental studies to be carried out in an
accurate and inexpensive manor. The well known surface finishes of injection molds are
very fine with a smooth, shinny surface while a range of finishes will be used.

The

reflectivity of the samples will be very important when absorbing light energy and
transferring to heat energy as discussed later.
The sample sizes have been determined and are clearly indicated via drawings and images.
The samples have been initially designed in SolidWorks with constraints considered about
thermocouple length, capable hole depths, and feasibility of manufacturing. There are two
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different sizes of samples which are necessary, one of thickness 1 mm and the other of
thickness 30 mm. The width and length of both are 50 mm by 50 mm. The sample of
thickness 1 mm is termed the 2D sample while the 30 mm thick sample is termed the 3D
sample. The basic computer generated images provided in Figure 33 and Figure 34 are the
two sizes while engineering drawings of the two samples are located in Appendix A in Figure
83, Figure 84, and Figure 85.

Figure 33: 2D sample generated via SolidWorks

Figure 34: 3D sample generated via SolidWorks
The 2D sample is flat with no holes or special design other than having a small thickness,
width, and length as mentioned previously. The 3D sample has a large thickness, width, and
length similar to that of the 2D while 4 holes have been designed in one side of the sample.
These holes are those which contain the thermocouples previously mentioned and best shown
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in the engineering drawings. The holes allow for the thermocouples to be positioned so that
temperature measurements can be acquired just below the heated area at 1 mm, 3 mm, 5 mm,
and 8 mm.

The drawings also call for ten 2D samples and six 3D samples which will be

explained later.
An important property of the samples is the material property due to the thermal
conductivity, manufacturability, and the natural physical properties. Materials similar to
those used in injection molding is desired which are metals with high polishing capabilities
and of good heat transfer rates. The 2D sample is one which is hard to have polished due to
the thickness of 1 mm leading to 304 SS flat stock chosen as the material which can be cut to
size of various widths and lengths. 15 of the 2D samples have been manufactured due to the
inexpensiveness of the 304 SS flat stock with properties listed in Table 2. The thermal
conductivity, density, and specific heat for the 304 stainless steel are of importance due to the
heat transfer rate and they are necessary for simulation inputs.
Table 2: Material sample mechanical properties

304 SS
M333

Thermal Conductivity (W/m-K)
16.2 (100⁰C) and 21.5 (500⁰C)
25.5 (100⁰C) and 27.5 (500⁰C)

Density (kg/m^3)
8000
7850

Specific Heat (J/kg-K)
500
460

The 3D sample material is M333 steel which is commonly used in injection molding and
having mechanical properties provided in Table 2 allowing for good heat transfer within the
material. The 3D sample is capable of being polished as desired and will be fabricated to the
respective surface roughnesses. The surface roughnesses selected for the 3D samples are
provided in Table 3 with the associated reflectivities.
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Table 3: 3D sample surface roughnesses and reflectivities
Finish
Low
Mid
High

Surface Finish
#24
1000
10000

Reflectivity
87%
99%
99+%

Actual sample images are shown in Figure 35 and Figure 36 of the 2D and the three
different 3D samples fabricated.

The samples have been described through drawings,

images, and tables in this section. The simulation inputs can be withdrawn from the tables,
while the experimental setup is better understood through the engineering drawings.

Figure 35: 2D Sample

(a)

(b)

(c)

Figure 36: 3D Samples with surface finishes: (a) low, (b) mid, and (c) high
1.3.

Laser Spot Sizes

The experimental setup has mentioned five beams sizes will be used throughout the work.
A wide range of beam sizes from radii as small as 0.5 mm and as large as 10 mm have been
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selected. The sizes selected have been termed small, medium, large, X-large, and XX-large
for clarity in plotting results. The beam sizes have been determined experimentally using a
high absorptive burn paper. This paper will leave a hole or mark indicating the size of the
beam at a known location in the laser beam path.
The burn marks for the five set locations along the propagation of the laser have been
obtained and presented in Figure 37. The burn marks can readily be measured via the ruler
visual aid in each picture to prevent inaccuracies. Each picture contains the 10 cm mark on
the ruler in bold with millimeter markings to the right and half millimeter markings to the
left. The process of determining the true size of the beam can be quite cumbersome at large
sizes due to the spread of the energy throughout the assumed Gaussian beam. The small (a),
medium (b), and large (c) sizes are clearly defined and well known values while the X-large
(d) and XX-large (e) have an observed distribution of the energy in space.

(a)

(b)

(c)

(d)

(e)

Figure 37: Laser beam spot sizes used with radii of (a) 0.5 mm, (b) 1.5 mm, (c) 2.5 mm, (d)
5 mm, and (e) 10 mm
The small (a), medium (b), large (c), X-large (d), and XX-large (e) beam sizes have been
measured precisely and are 0.5 mm, 1.5 mm, 2.5 mm, 5.0 mm, and 10mm respectively while
a known systematic error exists in the extremities of the sizes.
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2. Simulation Details
Commonly in today’s research and development community, simulations are often used to
reduce cost and increase productivity. Simulations have proven to save millions of dollars to
big companies because of the number of design flaws can be significantly decreased through
failure analysis. The laser heating of injection molds will need to use simulations to predict
the energy required for the thermal distributions desired at the time of injection. There is a
need for software which can carry out a time dependant thermal analysis with outputs of
contour plots and specific location time history thermal data. The chosen simulation software
for these efforts has been carried out and possible with the aid of the software commonly
known as ANSYS.
Per the experimental setups provided, a similar setup will be required for the simulations
to obtain a match between the experimental results and the simulation results. This is
possible through trial and error techniques as the ANSYS simulation grows from simple to
more complex. The laser load, natural convection, natural conduction, material properties,
geometric constraints, meshing, iterative solutions, model simplification, and the
convergence studies are a few things to consider prior to beginning simulations. The goal is
to obtain an ANSYS simulation which can provide thermal data for the 1 mm, 3 mm, and 5
mm thermocouple locations in the 3D sample for various laser spot sizes and laser powers
incident to the samples as well as contour plots for good visual understanding.
The 2D and 3D simulation schematics in Figure 38 and Figure 39 provide a basic
understanding of how the analysis will be carried out. The difference is in the geometry and
output capabilities for the 2D and 3D cases. The 2D experimental work provides only the
thermal camera contour plots leading to outputs from the simulation of thermal distribution
contour plots while the 3D outputs shall be the thermal distribution contour plots and the
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thermocouple location nodal temperature data.

These outputs provide the best way to

compare the simulation and experiential work.2D

Figure 38: 2D simulation schematic

Figure 39: 3D simulation schematic
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By observation of Figure 38 and Figure 39, the 2D and 3D ANSYS

simulation

has

geometrics defined just as the samples were fabricated, logical loadings and proper boundary
conditions which are discussed in more detail in the following sections as necessary. The
figures provided in the following sections are visual aids for understand how ANSYS will
simulate the laser load and allow for an accurate transient thermal analysis while the actual
code is thoroughly explained in chapter 2, section 3. This code provided can be used not
only for injection molding laser heating research but also for many heating techniques and
several applications with only simple modifications as indicated.
2.1.

Boundary Conditions and Laser Loading

There are many important aspects of any simulation which are detrimental to obtaining
good, accurate results which include the boundary conditions. For the simulations the simple
but necessary boundary conditions will be the air free convection on the surfaces, and the
laser load/heat flux input. The model simplification efforts result in a need for the symmetric
boundary condition on two surfaces as mentioned later. The air free boundary condition
allows for the natural convection of the surface to which it is applied. For large temperature
differences, missing this will result in significant error and results that can only take place in
a vacuum. The laser loading in these simulations could become much more complex than the
method used but may lead to the same results with similar errors.
The model has been simplified to a one quarter model to speed up analysis time but
maintain accurate results. The two surfaces with the letter “S” around them are the ones
which have the symmetric boundary condition; however there are actually 4 areas in ANSYS
as shown in Figure 40. This will allow for much faster results to be obtained and smaller
meshes in timely manors while a cross section will naturally be created for visual results
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inside the samples geometry. The surfaces will now act as if there is material and mass just
opposite those surfaces identical to what is behind, similar to a mirror.

Figure 40: Symmetric boundary condition in ANSYS
The laser load can be inserted to the simulation in a few different ways while one is used
and another is mentioned. The two methods of including the laser load include: 1) using the
built in ANSYS heat flux boundary condition and specify a value for this which must be
calculated manually, or 2) use an additional software such as TracePro, and export a batch
file to be imported to ANSYS as the heat flux on this surface. The first method will be used
in these simulations with the step by step hand calculations necessary for determining the
heat flux that can be directly inserted to ANSYS to mimic the laser loading incident on the
simulated sample.
The laser load calculation requires a few known values which can be measured during
experimental work or optimized in the ANSYS simulations to obtain the accurate result or
determine experimental needs. When experimental work has previously been carried out and
matching simulations to the work, the laser beam radius and power must be known. The heat
flux calculation will need to result in the correct units required for ANSYS to accurately
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simulate the laser loading incident to the surface shown in red for Figure 41. Equation 6 is
used to obtain the heat flux for the ANSYS input with an example hand calculation exists in
Appendix A, Figure 86.
Equation 6: ANSYS heat flux calculation for laser load

Where the heat flux will need to be in watts per meter squared, the laser power is in watts,
and laser area in meters squared which can become easily obtained by starting with a beam
radius in meters as indicated.

Figure 41: Heat flux boundary condition in ANSYS
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The air free boundary condition will provide ANSYS simulation visuals such as the one
shown in Figure 42, where the red lines indicate that a boundary condition has been applied
to this surface. The air free boundary condition has been applied to all sample exterior
surfaces except the small area where the laser load will be applied to reduce the complexity at
a small sacrifice in the transient thermal distribution accuracy.

Figure 42: Air free convection boundary condition in ANSYS
This concludes the boundary conditions and necessary heat flux calculation to have proper
analysis via ANSYS. There is more mentioned about how to go about these conditions in
Chapter 2.3.
2.2.

Element Type, Meshing, and Step Size

A few additional aspects are in need of discussion to complete the simulation details
which include the meshing of the sample and step size for accurate results. The meshing can
be carried out in many different ways and of many different element types depending on the
geometries being used. The step size is important because it will lead to faster results with no
need for interpolation/extrapolation of the simulation data while maintaining accuracy.
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The element type used in the simulations is the thermal brick 20 node termed Solid 90
having capability of modeling transient time dependant thermal simulations as shown in
Figure 43. This element type has been shown to provide accurate results for rectangular
geometries in many finite element simulations not only in ANSYS but also in many other
software’s available in today.

Figure 43: Solid 90 brick 20 node element for thermal analysis
A global mesh size is determined for the model by carrying out a convergence study to
show how big is too big, which means the results change significantly when the global
element size is increased. For the work presented an element size of 3 mm has been used
while preliminary simulations used an element size of 5 mm which is deemed allowable due
to the largest dimension for this geometry and the edge divisions implemented. The locations
in the volume which need a finer mesh are those near to the heat flux which have been
divided into a refined mesh with sizes of about 0.3 mm when a distance less than 3 mm from
heated area and 0.6 m when less than 6 mm from the heated area as best understood in Figure
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44. The farthest elements from the heated area are the global element size of 3 mm while the
edge lengths are 25 mm, 25 mm, and 30 mm since this is the quarter model.

Figure 44: Mesh with refinement near heated area in ANSYS
The step size for the simulation is of importance because it directly affects the results just
as the mesh size. The software has two important values which determine the runtime of the
simulation. The length of heating time is fixed while this time will be divided into intervals
of time which the software will get thermal data. This value is termed the step size and is the
first important value to understand which has been typically less than 10% of the heating
time for these experiments. Once this value is known the software requires how fast to
iterate inside each step, which has been set to 0.1 seconds as a fixed value which has
provided accurate results and serves as the second important value.
Provided these considerations, the simulations can be setup with some prior experience
with ANSYS or finite element software with thermal capabilities. The images, equations,
and details mentioned are complimented by a full explanation of what to do in ANSYS in the
next section.
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2.3.

ANSYS Simulation Code

This section will walk through the ANSYS code used step by step to compliment the prior
simulation details and allow for anyone to simulate a laser heating experiment and/or a
simulation similar to those presented in this thesis. This code is available in Appendix C,
with the comments indicated in red while the code necessary for input to ANSYS has been
shown in blue. The blue lines are to be put into the command prompt in proper order to
repeat an example laser heating simulation. This is to be used as a starting tool for future
research and is not considered to include what may be necessary for those studies.
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IV.

RESULTS AND DISCUSSION

The following set of experiments and simulations serve as a basic understanding of laser
heating and how this field can grow to be used in the injection molding community. The
need for rapid heating of the mold surface has led to laser experiments and simulation results
presented in this Chapter. Two sample sizes have been used to gain information about the
thermal characteristics in time. The slow laser heating work and fast laser heating work is
presented in Section 1 and 2 respectively. The laser beam size and surface roughness
variations in the 3D samples give a wide range of data useful for the future integration of
laser heating in injection molding.
1. Slow Heating Experimental with Simulations
This Section will include several figures, plots, and details about the slow heating studies
carried out with the associated issues. The slow heating work ranges from laser heating times
from 1 minute to 5 minutes and includes thermal data following the heating of the 2D and 3D
samples. Thermal camera data and thermocouple data is compared with simulations to
provide validity and reliability of the computer generated laser heating work. This section
will first discuss the 2D thermal camera data compared to the simulation results. Then the
3D thermocouple data is introduced and compared to the simulation data alongside the
thermal camera data. Lastly, a set of the known problems overcome and errors associated
with the data presented is included to allow for a basic understanding of the slow heating
phenomenon’s exist when utilizing laser energy.
1.1.

2D Slow Heating Experimental Work with Simulations

The 2D sample has undergone a set of 5 laser heating experiments where the laser is
heating for 5 minutes. The results presented here include the thermal images for these
experiments for heating times throughout the laser heating and up to 30 seconds of temporal
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thermal distribution changes data after the laser is shut off. The samples used in this set of
experiments are identical and the only change from one experiment to the next is the beam
sizes which have been presented previously.
The thermal camera is used to obtain real time thermal distributions for the small,
medium, large, X-large, and XX-large laser beam sizes while one is presented in this section
and the others are available in Appendix B.

The large laser beam experiment will be

discussed in great detail while the others have similar experimental results. The incident
powers for the 5 experiments from small to XX-large are 90.0W, 90.0W, 90.0W, 87.7W, and
67.0W while the reflected powers are 88.5W, 87.8W, 88.0W, 85.2W, and 63.5W
respectively. The large laser beam experiment specifically has 90.0W incident and 88.0W
reflected which means 2.0W was absorbed by the sample as heat energy. This energy can be
viewed by thermal distributions shown in Figure 45. The laser spot size for this experiment
is a 2.5 mm radius beam which translates to a heat flux of 101910.83W/m2 through Equation
6 and the hand calculation shown in Appendix A, Figure 86. The large laser beam is incident
on the sample for 5 minutes exactly starting at time = 0 seconds, while thermal images are
taken from one minute before heating, to 5 seconds after heating. This allows for not only
the temporal changes in the thermal distribution to be viewed while heating but also how fast
the heat is lost when the laser is no longer heating the sample.
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Figure 45: 2D slow heating experimental results of the temporal dynamic thermal
distributions for the large laser spot size
The progression of the heating in time can be observed in Figure 45 when watching the
size of the red area grow and the overall area which has an elevated temperature above the
room temperature also grow radially. The laser is shut off at 5 minutes and thermal images
are taken at increments of 0.1, 1, 2, 3, 4, and 5 seconds after to understand the decay thermal
distributions. The heated area maintains elevated for several seconds following the 5 minutes
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of heating for this 2D sample experiment with a laser beam size of 2.5 mm radius.
Additional figures for the small, medium, X-large, and XX-large beam sizes are Figure 87,
Figure 88, Figure 89, and Figure 90 in Appendix B.
This work can be supplemented through simulation efforts which have been carried out for
the laser heating part of this experiment. The ANSYS code provided in Appendix C is used
with the large beam size of 2.5 mm radius and the heat flux calculated to obtain the quarter
model thermal distributions for heating times of 1, 2, 3, 4, and 5 minutes which mimic the
experimental work. These distributions are shown in Figure 46 with an ANSYS top view for
direct comparison to Figure 45 previously provided.

(a) 1 minute heating thermal distribution in degrees Celsius

(b) 2 minutes heating thermal distribution in degrees Celsius
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(c) 3 minutes heating thermal distribution in degrees Celsius

(d) 4 minutes heating thermal distribution in degrees Celsius

(e) 5 minutes heating thermal distribution in degrees Celsius
Figure 46: 2D slow heating simulation results for heating times of (a) 1 minute,
(b) 2 minutes, (c) 3 minutes, (d) 4 minutes, and (e) 5 minutes
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By observation of the simulation results, it is shown that the temperature rises to an
elevated temperature above room temperature. The distribution does not change much from
1 minute to 5 minutes indicating that the majority of the heating is done in less than one
minute. The simulations also have temperatures above that of the experimental results which
is discussed in more detail in Chapter 4, Section 1.3. These 2D experiments have allowed for
a simulation to be developed and have complexities added until a similar result is obtained.
The 3D work presented has been made possible through the initial efforts of the 2D sample
laser heating experimental work.
1.2.

3D Slow Heating Experimental Work with Simulations

The 3D samples have been used for a set of experiments for various surface roughnesses
and laser beam sizes for a heating time of 5 minutes.

The presented figures include

thermocouple temporal data for three locations within the 3D sample just below the lasers
incident location and several thermal camera images of the surface similar to the 2D results.
The 3D samples used for this set of experiments include the low, mid, and high reflective
samples. The thermocouples have been installed and data of the three locations 1 mm, 3 mm,
and 5 mm below the heated are provided in this section while additional data has been placed
in the Appendix as stated.

This section includes 9 figures with thermocouple data, 1

temporal thermal camera data figure, and 1 simulation while 15 additional figures are
presented in Appendix B.
The first 3D sample presented will be the low reflective sample with the surface finish
commonly termed, #24. The experimental work for this sample includes 4 beam sizes being
the medium, large, X-large, and XX-large and provides the three different thermocouple
locations of 1 mm, 3 mm, and 5 mm. These three locations have been color coded and
placed on separate plots for each set of thermocouples measurement data. The large laser
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beam thermal camera data is presented in this section while the other beam sizes have been
placed in Appendix B.
The thermal data of the thermocouple just 1 mm below the heated area for the 4 beam
sizes previously mentioned is shown in Figure 47, while the 3 mm and 5 mm data is
presented in Figure 48 and Figure 49. This plot is significant in that the trend is observed
that as the size of the beam increases as the temperature decreases for all heating times, 0-5
minutes. The incident power for the medium, large, X-large, and XX-large beam sizes is
90.0W, 90.0W, 87.7W and 67.0W with reflected powers of 76.0W, 72.0W, 70.7W, and
45.0W respectively. The absorbed power these 4 independent experiments is 14.0W, 18.0W,

Figure 47: 5 minutes laser heating of low reflective 3D sample for various beam sizes at 1
mm below the heated surface
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17.1W, and 22.0W respectively. The incident power varies slightly for the medium, large,
and X-large beams while the XX-large beam is significantly less due to scatter losses prior to
being incident on the sample. When comparing the medium and large experiments, it is
observed that they both reach a similar temperature of about 118 degrees Celsius at 5 minutes
of laser heating while the X-large and XX-large are significantly less. The heating rate trend
is shown which leads to a slower heating rate with an increase in beam size.
Figure 48 and Figure 49 with the 3 mm and 5 mm thermocouples plotted have similar
characteristics as Figure 47 with the 1 mm data; however the values are smaller as expected.
The 3 mm thermocouple has measured a very similar heating rate and temperature profile for

Figure 48: 5 minutes laser heating of low reflective 3D sample for various beam sizes at 3
mm below the heated surface

68

the medium and large experiments while the X-large and XX-large data has followed the
same trends as the 1 mm thermocouple measurements.
The individual experiments have been plotted with the 1 mm, 3 mm, and 5 mm
thermocouple data on the same plot for the medium, large, X-large, and XX-large beam sizes
in Figure 91, Figure 92, Figure 93, and Figure 94 in Appendix B. Thermal camera data for
the various beam size experiments compliments this thermocouple data and has been
discussed and provided in Figure 50 for the large beam size. The remaining three beam sizes
have thermal camera data provided in Figure 95, Figure 96, and Figure 97 in Appendix B.

Figure 49: 5 minutes laser heating of low reflective 3D sample for various beam sizes at 5
mm below the heated surface
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The thermal camera data allows for knowledge to be gained about what the surface
temperatures are and how they are distributed. Figure 50 presents the thermal data for times
while heating and the seconds following. By observation, the thermal distribution drops to a
temperature much lower after heating, than while the surface is heated. This shows how the

Figure 50: 3D slow heating temporal dynamic thermal distribution for the low reflective
sample with a large laser spot size
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surface temperature is decreased by air free convection at a fast rate while inside the sample
the temperature remains elevated over 60 degrees Celsius just 1 mm below the surface for
over 20 seconds after heating in Figure 47. The blue spots inside the white area are to be
ignored as they are temperatures over the range of the camera.
A simulation matching the thermocouple data has been provided while the surface
temperature can be simulated and compared to the temperatures shown in the thermal camera
data. The known beam size and power absorbed can be used to simulate the large beam size
experiments via ANSYS. The resulting simulation data is provided in Figure 51, where the 1
mm experimental data is compared to the simulation data.

Figure 51: 3D low reflective sample simulation and experimental comparison for the large
beam size of 2.5 mm radius, 1 mm below the surface of the heated area
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The second 3D sample presented is the medium reflective sample with the 1000 surface
finish. This experimental work includes two beam sizes being the medium and large with
thermocouple data for the three locations of 1 mm, 3 mm, and 5 mm below the heated
surface. The setup is similar to the low reflective sample, but the results are significantly
different. The three locations are provided in this section for the two beam sizes while the
individual experimental data and thermal camera data is in Appendix B mentioned later.
The thermocouple data for the medium and large laser beam sizes is presented in Figure
52 for the 1 mm location, while the 3 mm and 5 mm data is presented in Figure 53 and Figure
54. The plot has similar trends to those noticed for the low reflective sample while the values
of the temperature are much lower with the same incident powers. The incident power for
the medium and large laser beams is 90.0W with reflected powers of 86.3W and 89.2W
respectively. The absorbed powers for these independent experiements are 3.7W and 0.8W
respectively. The medium sized beam is noticed to have reached a temperature of about 47
degrees Celsius while the large beam only reaching about 28 degrees Celsius. The low
temperatures observed for the mid reflective sample in Figure 52 when compared to the low
reflective experimental work provided in Figure 47, it’s obvious that the temperature
decrease is directly related to the surface roughness of the sample. Similar and expected
trends have been observed in the individual experiential data presented in Appendix B by
Figure 98 and Figure 99. The thermal camera data compares to that of the low reflective
sample and follows similar trends while the temperatures reached and maintained after the
laser is use to heat the sample are much lower due to the differences in surface roughness.
The data is provided in Appendix B as Figure 100 and Figure 101. The temperatures have
shown to compare to those viewed in the thermocouple data while simulations have agreed
with this data.
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Figure 52: 5 minutes laser heating of mid reflective 3D sample for various beam sizes at 1
mm below the heated surface

Figure 53: 5 minutes laser heating of mid reflective 3D sample for various beam sizes at 3
mm below the heated surface
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Figure 54: 5 minutes laser heating of mid reflective 3D sample for various beam sizes at 5
mm below the heated surface
The third and last 3D sample with experimental data for the slow laser heating set of
experiments is the high reflective sample with 10000 surface finish. The experimental work
provided is the same as the mid reflective and only the results differ slightly.

The

temperatures have been shown to be a little lower than the other two surface finishes tested
experimentally. While incident powers for the medium and large beam are 90.0W with
reflected powers of 88.5W and 88.9W respectively. The absorbed powers are 1.5W and
1.1W respectively which are used to obtain simulation data which agrees with the
experimental work. Figure 55, Figure 56, and Figure 57 are the 1 mm, 3 mm, and 5 mm
thermocouple data obtained experimentally while additional independent experimental data is
provided in Appendix B by Figure 102 and Figure 103. Thermal camera data has been
presented in Appendix B as well in Figure 104 and Figure 105.
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Figure 55: 5 minutes laser heating of high reflective 3D sample for various beam sizes at 1
mm below the heated surface

Figure 56: 5 minutes laser heating of high reflective 3D sample for various beam sizes at 3
mm below the heated surface
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Figure 57: 5 minutes laser heating of high reflective 3D sample for various beam sizes at 5
mm below the heated surface
The results presented for the three different 3D sample surface finishes have proven to
have temperatures elevated of the environment when laser energy is used to heat the surface.
The distributions have shown trends with the low reflective sample having the highest
achieved temperatures and the highest reflective sample with the lowest rise in temperature.
The different beam sizes have been shown to affect the heating rates, temperatures reached,
and transient thermal distributions. The figures and discussions in this section with the
additional Appendix B data provide an understanding of how lasers can be used to heat the
surfaces of injection molds with simulation efforts that agree. The heating time in this
section is 5 minutes while much shorter times are required in injection molding industry
serving as the motivation for the remaining experimental work for heating times from 1 to 10
seconds.
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1.3.

Problems and Known Errors in Detail

The simulations and experimental work has some known issues and challenges that could
not be overcome which are mentioned here to allow for smooth work to be carried out in
future laser heating studies. The 2D and 3D samples have independent problems and a few
similar reasons to explain. The problems can be explained by the following but are not
limited to these reasons.
The 2D sample experiments have provided thermal camera data for 5 different beam sizes.
This data may be easy to view the progression of the thermal distributions in time while
comparisons between the sizes are cumbersome due to the dissimilar temperature ranges. It
should also be mentioned that the variation in the reflected powers can vary up to 3% and this
can lead to small absolute temperature value error in simulation efforts while distributions
have almost zero change. The thermal camera is known to have an error of about 2% leading
to a small error in the thermal camera images. The surface of each sample has been
processed and cleaned in the same manor while any particles present on the surface for the
small laser beam sizes may change the absorbed power while this is assumed unlikely;
preparation of the samples surface is detrimental to the experimental results.
The 3D experimental work has not presented any work for the small laser beam size due
to a known error that could not be overcome. The small beam is of about 0.5 mm beam
radius and of high concentrated power which was hard to control. The laser was incident on
the 3D sample more than 8 mm from the center, leading to inaccurate measurement of the
temperature below the heated area. The experimental data collected for the small beam is
presented in Figure 58 with the simulation data. The experimental data has a much lower
heating rate and absolute temperature value for the heating times.
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Figure 58: Simulation versus experimental work for 3D low reflective sample

Figure 59: Small laser beam simulation against other sizes experimental work
This simulation data has been plotted against the experimental data for the small beam size
as well as the other beam sizes. Figure 59 shows the same data presented in Figure 58 with
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the small beam simulated in red. The incident, reflected, and absorbed powers are 90.0W,
79.8W, and 10.2W for the small beam size. This simulation data provides strength for the
simulation and allows for logical trends. The reflectivities of the 3D samples have also
shown to vary slightly with an approximate error of 4% for the low reflective sample for the
medium, large, and X-large beam sizes while the XX-large beam size has significantly more
error due to the energy not evenly spread among the heated area. The mid reflective 3D
sample has an approximate error in the reflectivity or 3% for the medium and large beams,
while the high reflective has an approximate error of 1% for the medium and large beam.
These errors are small considering the thermal camera error and thermocouple errors
associated with the experimental results.
This section is provided as a tool for future work to know the detrimental factors and
cumbersome experimental aspects prior to beginning any research or studies. Simulations
can be relied on due to the strong correlation between the real data and computer generated
data.
2. Fast Heating Experimental Work with Simulations
Injection molding cycle times have been on the order of seconds ranging from a few
seconds to 30 seconds for larger parts while heating times must not increase the overall cycle
time tremendously. The previous section covered all heating over a minute while this section
will introduce all the thermocouple data captured for the 1, 2, 3, 5, and 10 second heating
times of the three different 3D surface finishes. The thermocouple data presented gives
insight about necessary heating times for high surface temperatures to be present on the
molds surface during injection. The experimental heating data is compared to the simulation
data for several heating times and laser beam sizes for the three thermocouples located 1 mm,
3 mm, and 5 mm below the heated surface. In closing, this section will include the issues
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presented and simulations to show the desired experimental data for laser heating of the
injection mold surface.
2.1.

3D Fast Heating Experimental Work with Simulations

The same surface finishes used in the slow heating experimental work are used for the fast
heating studies and backed with the aid of ANSYS. The temporal range for this set of
thermocouple data is from 0 seconds to 10 seconds with the laser incident on the sample and
then the laser is turned off and thermocouple data is recorded for over 20 seconds following.
The 3D low, mid, and high reflective data is presented through figures, simulations, and
discussions pertaining to the similarities and differences for the various experimental data.
This section presents a total of 12 figures while an additional necessary set of 15 figures is
placed in Appendix B.
The first sample presented is the low reflected 3D sample which has been heated for 5
different times and for 5 different beam sizes, which includes 25 individual experiments. The
laser is turned on at time equal to zero in all the work presented in this section and left on for
1 second, 2 seconds, 3 seconds, 5 seconds, and 10 seconds for the small, medium, large, Xlarge, and XX-large beam sizes. These data sets are 30 seconds long while the heating time
varies from 1-10 seconds and the data taken following the heating varies from 20 to 29
seconds. Figure 60 is the first presented which is the thermocouple measurement data 1 mm
below the heated area for the small laser beam spot size for the various heating times. This
figure is significant in that, the heating rates are comparable for heating times greater than 2
seconds and the temperature values all exceed 100 ⁰C for heating times greater than 2
seconds. When heating this low reflective sample longer than 2 seconds, the temperature has
only been shown to raise a fraction of what was achieved in the first two seconds.
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Figure 60: 3D low reflective 1 mm data for small laser spot size
The temperatures for the medium and large laser beam sizes have shown to achieve
temperature ranges of 50⁰C to 100⁰C for heating times from 2-10 seconds. Figure 61 and
Figure 62 present the experimental data showing how a high elevated temperature is achieved
in only a few seconds of laser heating. These initial plots show have significant changes for
the temporal thermal profiles presented while different reflectivities and beam sizes presented
later yield much different results.
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Figure 61: 3D low reflective 1 mm data for medium laser spot size

Figure 62: 3D low reflective 1 mm data for large laser spot size
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Unlike the results presented for the low reflective sample with beam sizes of small,
medium, and large; the X-large and XX-large beam sizes are incapable of producing
temperatures over 35⁰C in less than 10 seconds. The 1-10 second heating times for the Xlarge and X-large spot sizes are presented in Figure 63 and Figure 64, showing very little rise
in the thermocouple measurements 1 mm below the heated surface.

Figure 63: (left) 3D low reflective 1 mm data for the X-large laser spot size
Figure 64: (right) 3D low reflective 1 mm data for the XX-large spot size
The data has also been plotted for the 5 different beam sizes for each heating time
individually for not only the 1 mm thermocouple but also the 3 mm and 5 mm
thermocouples. This data has been presented in Appendix B by Figure 106, Figure 107,
Figure 108, Figure 109, Figure 110, Figure 111, Figure 112, Figure 113, Figure 114, Figure
115, Figure 116, Figure 117, Figure 118, Figure 119, and Figure 120. Although, the number
of data plots is of abundance, these plots include all data that could possibly be needed in
comparisons of these experiements and become very useful when integrating a laser to have
the rapid heating of the mold surface.
The experimental work is compared to the simulated data with not only the heating but
also the time after heating to build reliability in the ANSYS simulation. The simulation
previously discussed has been modified to include the capability of removing the heat flux
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after a given time and continuing to monitor the temporal temperature data. This will mimic
the laser being turned on and then off during the simulation. The experimental work for the
low reflective sample with a medium laser spot size and a heating time of 10 seconds will be
used to compare to the simulation for the 1 mm thermocouple data. The experimental data,
in blue, is provided in Figure 65 along with the simulation data, in red. This simulation has a
laser heating/heat flux input of 10 seconds for a beam with radius 1.5 mm.

Figure 65: 3D low reflective sample experimental work presented against the simulation for
the medium laser beam size and a heating time of 10 seconds
This simulation includes more than the previous simulations because the thermal
distributions after laser heating can be simulated and are comparable to the experimental data
with like trends. The 1 mm thermocouple has shown to agree and have ea decay and rise in
temperature similar to that of the simulation while errors present are known to eb from
sampling rate. The small error can be due to the thermocouples being present for the
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experimental work while the simulation has no voids. The second 3D sample, being the
medium reflective sample, has been used for the experimental work presented in Figure 66,
Figure 67, and Figure 68. This work includes the heating times of 1 second, 2 seconds, 3
seconds, 5 seconds, and 10 seconds for the small, medium, and large beam sizes for the
thermocouple 1 mm below the heated surface.

The plots provided show that the

thermocouple measurements do not have temperatures raising more than 5⁰C, due to the
rather high reflective surface.

Figure 66: 3D mid reflective 1 mm data for small laser spot size
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Figure 67: 3D mid reflective 1 mm data for medium laser spot size

Figure 68: 3D mid reflective 1 mm data for large laser spot size
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For the small and medium laser beam sizes, the heating time does not appear to have any
difference in effect to the thermocouple measurements while the large beam has shown
slight, noticeable thermal trends for the various heating times shown in Figure 68. The trend
is the same as the low reflective sample in that the heating rates are similar for different
heating times over 2 seconds, and the 10 second heating time reaches a temperature higher
than that of the lower heating times. The individual data does not provide any additional
information which cannot be gained from these images due to no significant raise in
temperature for less than 10 seconds heating time of more than a few degrees. The trends
noticed in the large size laser beam show that more absorbed power would results in plots
similar to those presented for the low reflective sample, such as Figure 60.
The third and final sample which has undergone 3D thermocouple temperature
measurements for a variety of heating times is the high reflective sample. Similar to the low
reflective and identical to the mid reflective, this data includes the 1 mm thermocouple data
for the small, medium, and large beam sizes for various heating times ranging from 1-10
seconds. Figure 69, Figure 70, and Figure 71 present the high reflective 3D sample data for
the 1 mm thermocouple. The temperatures have been shown to take similar trends as the mid
reflective experimental data due to the large laser beam size showing a difference in the
heating time while the small and medium beam sizes do not have significant changes. The
temperature is shown to rise from room temperature of about 23⁰C to 25⁰C in Figure 71 for
the large laser beam incident on the high reflective sample.
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Figure 69: 3D high reflective 1 mm data for small laser spot size

Figure 70: 3D high reflective 1 mm data for medium laser spot size
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Figure 71: 3D high reflective 1 mm data for large laser spot size
This 3D fast heating experimental data has been presented in this section, while results
have shown to be significant for the low reflective sample and have little change in the mid
reflective and high reflective samples. The heating times, over 2 seconds, have shown to
produce results with temperatures over 100⁰C for the low reflective sample for initial
temperatures of approximately 23⁰C. The variation in beam size has shown to provide the
best results for the medium and large beam sizes due to the detailed explanations presented in
the following section. The experimental data has been compared to the simulation results for
not only the heating of the sample via laser light, but also the time following the laser
heating. This will become important when designing the laser heating source for a desired
mold surface temperature a few seconds after the laser is turned off, while the mold closes for
laser heating being integrated to an injection molding machine. Additional information has
been presented in the future work section of this chapter, providing integrated designs, new
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designs, and the remaining research necessary prior to this heating method being considered
applicable to the injection molding industry.
2.2.

Problems and Known Errors in Detail

This work has been carried out with the use of equipment available already and the
purchase of only what is necessary to gain a basic understanding of laser heating in the
injection molding community. The limiting pieces of equipment for this experimental work
are the thermocouple resolution, sampling rate, collected number of samples, laser rise/fall
time, and the thermal camera temperature range.
The thermocouple resolution is dependent on the thermocouple type and the processing
equipment. The thermocouple measurements of temperature have been limited by the DAQ
card. The experimental data can be enhanced by taking more samples at a faster rate. The
work presented here was optimized to take one sample every 2 seconds which is to slow
when heating times are on the order of two seconds. The limiting factor for this experimental
work that can be changed to obtain better results would be the maximum sampling rate of the
NI-DAQmx 6008 produced by LabVIEW. LabVIEW offers a number of DAQ cards capable
of processing data and sampling at rate much fast which will become necessary for more
accurate data.
The laser used has been assumed to be at full power incident on the sample when turned
on, which is assumed but has a known systematic error associated with it. The fast heating
times of 1-10 seconds all have the same built in error with the laser rise time and fall time
when the laser is turned off. The thermal camera resolution is a few percent while the images
taken cannot be captured for the fast heating times due to the length of time required for the
camera to capture a snapshot of the thermal data. The range of the thermal camera is also
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limited to about 350⁰C which is lower than some of the surface temperatures viewed in these
experiments.
3. Simulation Predictions for the Mold Surface Temperature and Distribution
The simulation data has been shown to agree with the experimental data for the different
cases presented. The simulation can be used to predict the temporal dynamics of the surface
of the samples, which has remained unknown. The simulations presented in the slow and fast
heating experiements are used for the prediction of the sample surface which is the slow
heating time of 5 minutes for the 3D low reflective sample for the large beam size and the
fast heating time of 10 seconds of the 3D low reflective sample for the medium laser beam
size.
The first simulation will provide surface thermal distributions, nodal temperature data, and
the maximum temperature approximations for the laser heating simulation.

The first

simulation carried out is the 3D low reflective slow heating simulation with a dwell time of 5
minutes for the large laser beam. The thermocouple data for the 1 mm location has been
shown to provide results agreeable to the simulations in Figure 51. The simulation has been
provided in Figure 72 which shows that the surface temperature is well over the temperatures
1 mm, 2 mm, and 3 mm below the surface. This plot provides insight about how the
measurements observed in the previous experimental work are resulting in temperatures
significantly lower than the surface while the thermocouple size constrains the measurement
of the temperature of the surface. The slow heating 3D low reflective sample is shown to
have a simulated temperature over 160⁰C while just 1 mm below the surface the temperature
is approximately 120⁰C, as backed by experimental results in Figure 51.
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Figure 72: Simulated surface temperature data for the low reflective 3D sample heated for 5
minutes with a large size laser spot size
The thermal distributions of the surface are also of interest for this simulation to better
understand the area heated to temperatures shown in Figure 72. The top and side view of the
quarter model simulation for the large laser beam incident on the 3D low reflective sample
for 5 minutes have been obtained and are provided in Figure 73 and Figure 74. The thermal
data in these simulated distributions have results agreeable to the nodal data at the time the
sample is heated for five minutes while the first few seconds becomes important to the
injection molding community.
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Figure 73: Simulated top surface thermal distribution (Degrees C) for the low reflective 3D
sample heated for 5 minutes with a large size laser spot size

Figure 74: Simulated cross section surface thermal distribution (Degrees C) for the low
reflective 3D sample heated for 5 minutes with a large size laser spot size
The surface temperatures reached for a 10 second laser heating of the 3D low reflective
sample have been simulated. The 1 mm, 3 mm, and 5 mm thermocouple experimental data
has been presented in Figure 65 while the surface temperature is approximated through
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simulation studies in Figure 75. The experimental 1 mm thermocouple data has agreed with
the simulation and allowed for this surface temperature simulation. The surface temperature
is estimated to be over 180⁰C while the 1 mm and 2 mm locations are also presented.

Figure 75: Simulated surface temperature data for the low reflective 3D sample heated for 10
seconds with a medium size laser spot size
The simulation has shown to agree with the experimental results for several beam sizes,
heating times, and thermal distributions providing validity in the ANSYS software. While
the simulation has gained strength and trust throughout this chapter, the following section
provides a real life situation for the injection molding community.
4. Considerations for Optimum Injection Molding and Results
The injection molding industry has become very competitive in the recent years while the
growth of rapid mold surface heating has led to the research carried out and presented in this
document. The motivation for this work has provided insight about what criterion must be
met for this method of heating to become a competitor to the commonly used methods today.
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In an effort to determine if the current rapid mold surface heating methods values of
temperature, heating rate, and cycle times can be met by a laser heating method, the
following simulations have been sought out.
A criterion has been determined based on the needs of current products in industry today.
The following criteria will be held constant for the simulation presented which are:


A circular area heated with diameter of 5 mm.



A heating time of 3 seconds.



A delay time before temperature measurement after heating of 3 seconds.



A temperature of 200⁰C after the 6 seconds.

The outputs of the simulation are the plot showing that the surface is indeed 200⁰C after
being heated for 3 seconds, for a beam size of 2.5 mm radius, and after 3 seconds delay after
laser is shut off. The delay of 3 seconds has been inserted as a time for the mold to be closed
within for a machine that is retrofitted with the new laser heating method.
The results for this situation are presented in Figure 76, which shown the 3 seconds of
heating and the 5 seconds following for the 2.5 mm radius circular heated section. For the
temperature to remain above 200⁰C at the 6 second time, an absorbed laser power of 400W is
required. The mold surface temperatures at 0 seconds, 3 seconds, and 6 seconds is extracted
from this plot at 23⁰C, 2550⁰C, and 200⁰C.

The mold temperatures shown here will

significantly change the molds surface and is known to melt when exceeding 1300⁰C.
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Figure 76: Optimum heating profile for a large size laser beam requiring 400W to be
absorbed by sample
This simulation indicated that the current design for rapidly heating the molds surface will
not work, due to temperatures well beyond those possible for the mold. The option to retrofit
a current injection process with a laser incident on the surface would be troublesome and
require 400W to be absorbed. The mold surface is often high polished, leading to the power
incident on the surface to be much higher than the 400W, approximated to be 40kw. A laser
of this power is costly and would not be useful for an injection process integrated to a current
machine with no mold changes.
A newly fabricated mold, or modified mold could adopt a design such that the laser
heating could take place during injection or eliminate the delay between heating and
injection. Provided these changes are implemented, the heating profile is shown in Figure 77
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for a mold surface heated in 2 seconds to over 200⁰C with a 30.5W absorbed power
requirement.

Figure 77: Optimum heating profile for a large size laser beam requiring 30.5W to be
absorbed by sample
These two heating profiles result in the same temperatures at injection however differ in
the absorbed power by over a factor of 10. The laser heating design must allow for the
surface to be heating with a profile such that the maximum temperatures do not exceed
400⁰C-500⁰C depending on the material properties. Gained from these results, a new mold
design must be sought after to incorporate laser heating from the start, which differ from that
of a traditional mold.
5. Future Work
Work has been done with experimental studies, simulation efforts, and thorough
discussions about the laser heating of a mold surface becoming commonly used in the rapid
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mold surface heating community. Experimental work has led to temperature distributions,
thermocouple results, and obvious temperature increases in the mold like surface when
heated via laser energy. Simulation development has led to accurate modeling of laser
heating and the ability to design for injection molding applications. Detailed discussion
about the feasibility, functionality, and practicality of lasers competing with current methods
has been carried out while this section will bring the future needs to the attention of
researchers.
The cycle time of many injection molded parts is rather short, on the order of 10 seconds
to 30 seconds, while rapid mold surface heating cannot greatly increase cycle to maintain
productivity and affordability. The call for rapid heating times allows for a set of guidelines
to be determined and designed to meet. The initial thoughts of the laser heating being a
heating method, which can be integrated to a current machine, have not shown to lead to
promising results while new designs provide motivation for laser heating. The previous laser
heating studies carried out by IKV have shown to use in mold optics with mold changes
adequate for laser heating. Different from the past work, this work presented here has
provided detailed explanations how heating via laser energy will be able to compete with
other rapid heating methods.
A new proposed design for how a new mold capable of using laser energy to heat the mold
surface has been provided in Figure 78. This design is different of typical molds and
includes pathways through the mold base to heat the back of the surface with low thermal
mass. The required high polished surface can be present for this design while the back of this
surface, that which is laser heated, is of rough nature and designed to absorb light energy
well.
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Figure 78: A proposed design considering laser heating of the mold surface
A circular disk of diameter 3 cm and 5 mm thickness has been modeled with appropriate
design measures taken to allow for laser heating of one surface to be shown. The parts
desired thermal distributions of the mold cavity are a design constraint which must be known
prior to mold design to allow for proper measures to be taken.

This is one of many

considered ideas in search of strength through research and development that may one day be
used in the injection molding industry with rapid mold surface heating via laser energy.
Additional attention has been deemed necessary in the incident surface for the laser.
While the experimental work presented in this thesis investigates 3 different surface
roughnesses, supplementary mold surface studies are needed. A wider range of reflectivities
and roughnesses for the incident area are in need of study. The proposed design shown in
Figure 78 will require the optimization of the back surface, such that the maximum energy
can be absorbed via laser energy. It has been thought that this surface heated in this new
design will be that of black color and very rough, to absorb as much energy as possible to
decrease the laser power source needed. As shown in the simulations presented in section 4,
the laser power absorbed can be as little as 30.5W and still achieve a surface temperature
over 200⁰C. Recent attention has been given to the surface reflectivity changing with
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temperature which will require additional research while this measurement is known to be
difficult. The simulations presented in this work have been carried out with a fixed h value
while the true h value may lead to improved results when comparing simulations to
experimental data.
The current research for laser heating in the rapid mold heating field has led to a few
thoughts which can direct the following research in the proper direction. The mold design
changes, laser incident surface optimization, and selection of the laser source have been
mentioned, while the structural integrity of the mold after changes, cooling channel design,
part size constraints, and multi-cavity options are still in great need of consideration when
using laser heating in injection molding.
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V.

CONCLUSION

The initial thoughts of Bolstad and Thiess have allowed for rapid mold surface heating to
become of vast interest to many researchers and consumers today. The innovative ideas have
let to research facilities carrying out many efforts to better understand the feasibility and
repeatability of rapidly heating the surface of the mold. The well known companies Sony,
LG, Honda, Toyota, Panasonic, and Logitech are a few which have great interested in rapid
mold surface heating leading to several branches of similar studies. The research efforts by
many have led to several conclusions about rapid heating which include but are not limited to
longer flow path, improved feature replication, surface transcription, reduced molecular
orientations, lower residual stresses, reduce warpage, maintaining desired dimensions,
smoother surfaces of composites, better control of crystallization, reducing the birefringence
in optical parts, stronger weld lines, and mold long and thin parts. Prior to the research
presented here, heating rates of 60⁰C/s have been shown for induction heating while rates as
high as 300⁰C/s had been proven via laser energy. This research has allowed for additional
characterization to be made about the rapid mold surface heating via laser energy.
The micro-molding industry has shown interest in heating small areas to high temperatures
in a very short time prior to injection. This research is motivated through this single
application while the advantages have been shown to be of many though this work. The
heating methods of the past have included conduction heating, convective heating, proximity
heating, dielectric heating, electrical resistive heating, thermoelectric heating, induction
heating, contact heating, and infrared heating. Laser heating ideas had been introduced by
some and can now be better understood through the research presented in this document. The
set of experiements and simulations carried out and discussed provide basic understanding
about the thermal mass, heated surface, heating time, and laser spot size needed to achieve

101

desired thermal distributions. The work presented has included 2 different sample sizes, 4
different surface roughnesses, heating times from 1 second to 5 minutes, and up to 5 laser
beam spot sizes incident on mold samples, while thermal camera and thermocouple
measurements have been obtained. A set of detailed experimental and simulation schematics
has been provided along with a detailed description of al equipment used. The laser spot size
radii chosen for this research range from 0.5 mm to 10 mm, while the powers incident on the
sample surfaces range from 60W-90W. Simulations have been shown to agree through the
aid of ANSYS with appropriate geometrics, boundary conditions, meshing, and results.
The work included in this thesis has been divided into two main categories being the slow
laser heating and fast laser heating translating to heating times on the order of 1-10 seconds
and 1-5 minutes respectively. The slow heating experimental work includes thin 2D laser
heating experimental work compared to simulations which have agreed and shown that
thermal distributions do indeed exist within the sample. The long heating times of 5 minutes
initially allowed for simulations development leading to accurate results for the 3D, thick
samples through not only visual thermal distributions but also through thermocouple data
with the sample just below the heated surface. Heating temperatures below the heated
surface were shown to exceed 115⁰C while simulations showed surface temperatures over
160⁰C for the low reflective sample.

Temperature maximums for the thermocouple

measurements for the mid and high reflective samples were shown to be 45⁰C and 35⁰C
respectively when heated for 5 minutes. Following the laser heating, the temporal dynamics
were monitored to see how quickly the heat decayed away from the sample in this slow
heating work. The cumbersome experimental details pertaining to this work have been
discussed which includes the task of steering the small laser beam to the center of the
samples.
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The call for the rapid heating of the molds surface having a time rather small compared to
the overall cycle time motivated the faster heating times provided. The heating times from 110 seconds via laser energy have been used in experimental work to show that the molds
surface can be heated well over 100⁰C in less than 2 seconds. The thermocouples below the
samples surface 1 mm recorded several temperatures over 100⁰C in for heating times varying
from 2-10 seconds. These high temperatures are present in the work with the low reflective
sample while simulations have agreed for several laser beam spot sizes. The mid and high
reflective samples have provided temperatures of 25⁰C, with a room temperature of 23⁰C, for
the large laser beam size. The sampling rate has been shown to limit the accuracy of the data
for the fast heating times while the low absorbed power values have led to low temperatures
for the mid and high reflective samples.
Following the development of a simulation that can be compared to the experimental
work presented in this thesis, predictions can be made about what might be needed for future
laser heating research. The surface temperatures have been simulated to be over 160⁰C for
the work presented while considerations of what measures are necessary to achieve the
desired injection molding conditions have been discussed. One simulation has shown that
temperatures exceeding 180⁰C are present on the surface for the medium laser beam spot size
when heating the low reflective sample for 10 seconds. Additional simulations have been
carried out to predict what laser power will need to be absorbed to obtain a surface
temperature of 200⁰C for a heating time of 3 seconds with a laser spot size of 5 mm in
diameter while allowing for 3 seconds following the heating to be allotted before 200⁰C is
observed as the surface temperature. This simulation led to results that were incapable of use
for the injection molding industry due to the necessary overshot temperatures exceeding
2000⁰C. This design required absorbed powers in excess of 400W absorbed.
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A new design is proposed which will allow for laser heating to take place up until
injection and during injection and will not require near the energy with the initial design
thoughts with a laser being integrated to a current system. Mold design changes have been
deemed necessary for the use of laser heating to be used in injection molding. A new design
incorporating a way to heat during injection has been proposed which led to a necessary
absorbed power simulation output of 30.5W. The power required to heat the mold before
injection through an integrated laser heating design has been simulated requiring an absorbed
power that is 10 times the energy needed for new design, which heats up to and/or during
injection.
The work presented will help the injection molding rapid surface heating community for
future research and development when aiding the implementation of laser heating to the
industry. Through experimental data collection, simulations have been strengthened to allow
for predictions to be made concerning the surface which the laser is incident, the absorbed
power required, mold design requirements, and the laser source itself. The initial innovative
ideas regarding laser heating have been brought to a better understanding through this
research. The future now holds a smooth means for rapidly heating the molds surface
through this basic understanding on rapid mold surface heating via laser energy.
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APPENDIX A
SUPPLEMENTARY EXPERIMENTAL SETUP AND SIMULATION DETAIL
FIGURES

Figure 79: LabVIEW block diagram 1 of 4
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Figure 80: LabVIEW block diagram 2 of 4
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Figure 81: LabVIEW block diagram 3 of 4
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Figure 82: LabVIEW block diagram 4 of 4
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Figure 83: 2D sample engineering drawing via SolidWorks
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Figure 84: 3D sample engineering drawing page 1 of 2 via SolidWorks
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Figure 85: 3D sample engineering drawing page 2 of 2 via SolidWorks
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Figure 86: Example hand calculations for heat flux needed for simulations
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APPENDIX B
SUPPLEMENTARY EXPERIMENTAL RESULTS FIGURES

Figure 87: 2D slow heating temporal dynamic thermal distribution for the small laser spot
size
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Figure 88: 2D slow heating temporal dynamic thermal distribution for the medium laser spot
size
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Figure 89: 2D slow heating temporal dynamic thermal distribution for the X-large laser spot
size
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Figure 90: 2D slow heating temporal dynamic thermal distribution for the XX-large laser
spot size
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Figure 91: 3D low reflective sample, 5 minutes heating, and medium laser spot size

Figure 92: 3D low reflective sample, 5 minutes heating, and large laser spot size
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Figure 93: 3D low reflective sample, 5 minutes heating, and X-large laser spot size

Figure 94: 3D low reflective sample, 5 minutes heating, and XX-large laser spot size
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Figure 95: 3D slow heating temporal dynamic thermal distribution for the low reflective
sample with a medium laser spot size
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Figure 96: 3D slow heating temporal dynamic thermal distribution for the low reflective
sample with a X-large laser spot size
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Figure 97: 3D slow heating temporal dynamic thermal distribution for the low reflective
sample with a XX-large laser spot size
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Figure 98: 3D mid reflective sample, 5 minutes heating, and medium laser spot size

Figure 99: 3D mid reflective sample, 5 minutes heating, and large laser spot size
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Figure 100: 3D slow heating temporal dynamic thermal distribution for the mid reflective
sample with a medium laser spot size

Figure 101: 3D slow heating temporal dynamic thermal distribution for the mid reflective
sample with a large laser spot size
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Figure 102: 3D high reflective sample, 5 minutes heating, and medium laser spot size

Figure 103: 3D high reflective sample, 5 minutes heating, and large laser spot size
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Figure 104: 3D slow heating temporal dynamic thermal distribution for the high reflective
sample with a medium laser spot size

Figure 105: 3D slow heating temporal dynamic thermal distribution for the high reflective
sample with a large laser spot size
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Figure 106: 3D low reflective sample, 1 second heating, 1 mm thermocouple data

Figure 107: 3D low reflective sample, 1 second heating, 3 mm thermocouple data
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Figure 108: 3D low reflective sample, 1 second heating, 5 mm thermocouple data

Figure 109: 3D low reflective sample, 2 seconds heating, 1 mm thermocouple data
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Figure 110: 3D low reflective sample, 2 seconds heating, 3 mm thermocouple data

Figure 111: 3D low reflective sample, 2 seconds heating, 5 mm thermocouple data
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Figure 112: 3D low reflective sample, 3 seconds heating, 1 mm thermocouple data

Figure 113: 3D low reflective sample, 3 seconds heating, 3 mm thermocouple data
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Figure 114: 3D low reflective sample, 3 seconds heating, 5 mm thermocouple data

Figure 115: 3D low reflective sample, 5 seconds heating, 1 mm thermocouple data
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Figure 116: 3D low reflective sample, 5 seconds heating, 3 mm thermocouple data

Figure 117: 3D low reflective sample, 5 seconds heating, 5 mm thermocouple data
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Figure 118: 3D low reflective sample, 10 seconds heating, 1 mm thermocouple data

Figure 119: 3D low reflective sample, 10 seconds heating, 3 mm thermocouple data
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Figure 120: 3D low reflective sample, 10 seconds heating, 5 mm thermocouple data
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APPENDIX C
ANSYS CODE WITH COMMENTS
This will name output file and change the view so while creating you can view the model
/output,LASER,out
/prep7
/VIEW, 1, -0.131082196953 , -0.724502846854 , 0.676692753428
/ANG, 1, 13.1039890914
/REPLO
The geometry parameters are to be specified below. This is for the full model not the quarter
model. Units should be in meters, Celsius, seconds, and watts
Thickness is the thickness of mold/sample in m^2
Width and length are the size of sample in m^2
Radius is the radius of the heated area in m^2
Initial is the room temperature in deg C
Heat_Flux is the incident energy in W/m^2
Full_Time is the heating time in seconds
Delta_Time is an accuracy parameter (recommend less than 10% of heating time)
Thickness = 30E-3
Width = 50E-3
Length = 50E-3
Radius = 2.5E-3
Initinal = 23
Heat_Flux = 100000
Full_Time = 300
Delta_Time = 30
This opens the pre-processor and defines the element type
/prep7
et,1,90
The material mechanical properties are to be inputted here which are desnity (currently
8000), thermal conductivity (currently 16.2), and the specific heat (currently 500)
MP,DENS,1,8000
MP,KXX,1,16.2
MP,C,1,500
This creates a block, then circle, then extrudes the volume, overlaps them, and glues them
together
BLC5,0,0,Width,Length,-Thickness
CYL4,0,0,Radius
VEXT,7, , ,0,0,-Thickness,,,,
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VOVLAP,ALL
VGLUE,ALL
VPLOT
The reduction to the quarter model is this section. If you remove this you will have the
whole model but know that the meshing, loads, etc. following will also be affected
(recommend keeping initially)
wpro,,90.000000,
FLST,2,2,6,ORDE,2
FITEM,2,2
FITEM,2,-3
VSBW,P51X
FLST,2,2,6,ORDE,2
FITEM,2,4
FITEM,2,-5
VDELE,P51X, , ,1
wpro,,,90.000000
FLST,2,2,6,ORDE,2
FITEM,2,1
FITEM,2,6
VSBW,P51X
FLST,2,2,6,ORDE,2
FITEM,2,3
FITEM,2,5
VDELE,P51X, , ,1
This is the meshing secion where the only thing to be changed is the esize which will be the
global element size (recomendation is 20% of longest edge or less than the heated area radius
used, whichever is smaller)
esize, 3e-3
This will define where the nodes are and will specify the distance between nodes which has
been refined near the heating location
FINISH
/POST1
FINISH
/PREP7
FLST,2,4,4,ORDE,4
FITEM,2,19
FITEM,2,-20
FITEM,2,33
FITEM,2,-34
LDIV,P51X,0.5, ,20,0
FLST,2,3,4,ORDE,3
FITEM,2,6
FITEM,2,21
FITEM,2,-22
LDIV,P51X,0.0001, ,10,0
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FLST,2,3,4,ORDE,3
FITEM,2,1
FITEM,2,3
FITEM,2,13
LDIV,P51X,0.0001, ,10,0
FLST,2,3,4,ORDE,3
FITEM,2,6
FITEM,2,21
FITEM,2,-22
LDIV,P51X,1, ,9,0
FLST,2,1,4,ORDE,1
FITEM,2,97
LDIV,P51X,1, ,6,0
FINISH
/SOL
FINISH
/PREP7
FLST,5,2,6,ORDE,2
FITEM,5,2
FITEM,5,4
CM,_Y,VOLU
VSEL, , , ,P51X
CM,_Y1,VOLU
CHKMSH,'VOLU'
CMSEL,S,_Y
VSWEEP,_Y1
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
FINISH
This will set the analysis type to transient and will set the initial temperature to the one
specified initially as the room temperature
/SOLU
ANTYPE,TRANS
TUNIF,Initinal,
These set the boundary conditions. The last line in this section may need changed
!if your room temperature is different it is (currently 23C).
DA,14,SYMM
DA,7,SYMM
DA,6,SYMM
DA,20,SYMM
SFA,3,1,HFLUX,Heat_Flux
FLST,2,5,5,ORDE,5
FITEM,2,5
FITEM,2,13
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FITEM,2,16
FITEM,2,17
FITEM,2,24
/GO
SFA,P51X,1,CONV,100,23
This is the number of steps and the step time
Step = Full_Time / Delta_Time
Time = 0.1
Change the number here to your room temperature (currently set to 23)
TUNIF,23
This is the solution do loop
*DO,I,1,Step + 1
*If, I, EQ, 1, then
Time = 0.001
*ENDIF
TIME,TIME
*SET,TIME,TIME + Delta_Time
SOLVE
*ENDDO
FINISH
Save
FINISH
This will plot your thermal distribution and change the view to the top view if you want
/POST1
/EFACET,1
PLNSOL, TEMP,, 0
/REPLOT,RESIZE
/VIEW,1,,,1
/ANG,1
/REP,FAST
/AUTO,1
/REP,FAST
Below is to plot node temp data. This is sensitive to the mesh, if mesh was changed this will
not work and you need to change the second line that says (Sims-Fox) now to be your
directory name which is in parenthesis at the top of ANSYS screen. This will draw an error
saying no new variables stored which can be ignored
Small uses nodes 2435/2440/2445, Medium uses nodes 2357/2362/2367, Large uses nodes
2381/2386/2391, X-Large uses nodes 2477/2482/2487, XX-large uses nodes 2015/2020/2025
/POST26
FILE,'Sims-Fox','rth','.'
/UI,COLL,1
NUMVAR,200
SOLU,191,NCMIT
STORE,MERGE
FILLDATA,191,,,,1,1
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NSOL,2,2381,TEMP,,1 mm
STORE,MERGE
NSOL,3,2386,TEMP,,3 mm
STORE,MERGE
NSOL,4,2391,TEMP,,5 mm
STORE,MERGE
XVAR,1
PLVAR,2,3,4
This is the recommended view for and isometric views
/VIEW, 1, -0.799028276928 , -0.568939431021 , 0.194580925320
/ANG, 1, 82.2292587157
/REPLO
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